P.C.RAKSHIT 


* 


x 


THERMODYNAMICS 


THERMODYNAMICS 


(For Honours and Post-Graduate Courses) 


Р. C. RAKSHIT, m.sc., PH.D 
FORMERLY PROFESSOR AND HEAD OF THE DEPARTMENT 
OF CHEMISTRY, PRESIDENCY COLLEGE, CALCUTTA 


' THE NEW BOOK STALL 


5/1 RAMANATH. MAZUMDER STREET 
CarcurrA 700 009 


June, 1983 


Fourth Edition, 1983 
(Revised and enlarged) 


ALL RIGHTS RESERVED BY THE AUTHOR 
Б 


Price : 
Rupees fifty five only 


Ра 


ne 
c 
et^ gue 


Published by 
MOHENDRA МАТН PAUL 
TRE New Book STALL 
5/1 Ramanath Mazumder Street 
CALCUTTA 700 009, INDIA 


Printed by 
DEBDAS NATH, M.A., В... » 
SADHANA PRESS PRIVATE LIMITED 
76 BIPIN BIHARI GANGULI STREET 
CALCUTTA 700 012 


Von A G 


еи 
ibr^ amt 


nin i 


PREFACE TO THE FOURTH EDITION 


In revising the last edition of this book, such drastic modifications 
and changes have been made that this edition is, in reality, a new 
book. Besides, a considerable amount of new matter has been added. 
In doing this, the goals of clarity, depth and accuracy were always 
kept in mind. The main objective of this text is to make the reader 
familiar with the basic principles of thermodynamics and the modes 
of their application and to prepare him for an extended work in 
this field. Attempts have been made to give careful definitions and 
explanation of concepts followed by simple mathematical expres- 
sions. In spite of the diverse application of thermodynamics, the 
topics have been so organised in this text that the student can 
perceive the broad nature of the logic of its laws rather than feel 
that he is bombarded with a plethora of mathematical formulae. It 
must be remembered that as an exact science the beauty of thermo- 
dynamics lies in its logical structure and the precise deductions from 
the same. Every effort has been made to preserve it. To make the 
meaning of the formulations clear, illustrative problems have been 
worked out in each case. Moreover every chapter is followed by 
new pertinent exercise problems which would help the student to 
understand the principles involved thoroughly. 

During the past few years the author has received from professors 
of universities and colleges many letters containing corrections and 
suggestions for changes in the book. I am indeed very grateful to 
them and I express my sincere thanks to all of them for this hlep. 
My thanks. also go to my many younger colleagues and students 
whose constant questionings have helped me a lot. 

P. C. RAKSHIT 


Calcutta 
May, 1983 
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СНАРТЕК 1 


FUNDAMENTAL CONCEPTS 


1.1, Introduction 

Thermodynamics, literally speaking, concerns itself with the 
flow of heat and conversion of heat into work. Heat, as we know 
now, is a form of energy and the science of thermodynamics now 
governs not only the transformation of heat into work and vice versa 
but also includes all types of interconversion of one kind of energy 
into another, e. g., electrical energy into work, chemical energy 
into electrical energy etc. It is based on three simple but empiri- 
cally derived laws of nature, acquired from long experience. The 
laws of thermodynamics can be subjected to rigorous mathematical 
treatment and they have yielded correlations between different 
observable properties of macroscopic quantities of matter, such as 
pressure, temperature specific heats, coefficients of expansion, latent 
heats, density etc. These relations, thus predicted, have been con- 
firmed by experimental tests for more than a century in different 
systems from the heat-engines to the enzymatic processes in a living 
cell. The most distinguishing feature of thermodynamics, however, 
is its predominant concern with temperature and tempratrue- 
dependent variables. 

Predictions of the physical properties of matter can be made 
by analysing the behaviour of a large-scale or macroscopic amount 
of the matter. This can also be done by statistically averaging 
the behaviour of the individual particles which constitute the matter. 
Generally, thermodynamics does not take into consideration the 
existence of individual particles and their characteristics. This is 
classical thermodynamics. The classical thermodynamics does not 
make any hypothesis as to the structure of matter. In contrast to 
the kinetic-molecular theory, it derives relations between propreties 
experimentally observed but does not offer any explanation why 
these properties arise in a system. The approach in thermodynamics 
is thus entirely different from that in the atomic constitution of 
matter. For example, in the kinetic theory we consider the pressure 
of a gas as a measure of the impact of the molecules on the wall 
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per second, while in thermodynamics, pressure is a property of the 
state of a system regardless of its inherent constitution, based on the 
observation of the body as a whole. Likewise, temperature is, accor- 
ding to the kinetic theory, a measure of the average kinetic energy 
of the molecules while it is a simple property of state from the view- 
point of thermodynamics. To obtain a better insight into the reason 
of the existence of different properties of matter, it is Necessary to 
incorporate the molecular theory into the thermodynamic postulates 
with the help of mechanics.. This leads to statistical thermodyna- 
mics, as distinct from the classical thermodynamics. 

In its application, the thermodynamics usually relates to macro- 
scopic bodies [containing at least a weighable quantity]. Its formulae 
would not however conform to the behaviour of systems containing 
submicroscopic amounts, say, of a few molecules, The pressure of 
a single molecule or the temperature of a single molecule has little 
significance here, 

The basic principles of classical thermodynamics were estab- 
lished during the second-half of the last century. The most im- 
portant contributions came form Rumford, Carnot, Mayer, Joule, 
Clausius, Kelvin, Helmholtz and others. 

Thermodynamics is essentially a practical science and it has 
its ramifications extending mainly to the fields of chemistry, physics 
and engineering. To illustrate, with the assistance of thermo- 
dynamics the chemist predicts the possibility of a chemical reaction 
or the maximum yield in a chemical process under a given set of cir- 
cumstances ; using thermodynamic laws the physicist explains the 
phenomena where phase changes or inter-actions with radiations or 
electro-magnetic fields are involved; to the engineers it is the most 
powerful weapon to solve the problems of power and combustion 
in the prediction of efficiencies of heat-engines and refrigerators, 
in the design of engines and so on, In fact, in many branches of 
science, it is almost an indispensable tool, 

Inspite of the fact that the thermodynamic relations are generally 
valid in countless number of cases we must be carefully conscious 
of their limitations too. The thermodynamic principles correlate 
different observable properties of a system but cannot always give 
us the exact magnitude of a property of the System, These relations 
help us in predicting the behaviour of a system or the ultimate 
result that a process would lead to. Thus, from thermodynamics, 
we can predict under a set of defined conditions the maximum 
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yield in a chemical process, but we cannot say anything about the 
rate of the reaction or the mechanism of the reaction. 

In this text generally the stress will be placed on the macroscopic 
viewpoint. The relations of classical thermodynamics so obtained 
are quite satisfactory and helpful in the understanding of various 
problems. But whenever necessary, the molecular or statistical 
viewpoint would also be invoked to interpret and explain a pheno- 
menon or property, such as entropy. 


1.2. Temperature 


The hotness or coldness of an object is comprehended fun- 
damentally by our sense of touch. Commonly we use the word 
temperature to understand the comparative warmth of a body. The 
hotter body will have a higher temperature than the colder one. 

Suppose there are two bodies A and B, A being hotter than B. 
If A is brought in contact of B it is found that A gradually becomes 
colder and B gets warmer. During this process, other changes in 
pressure or volume may also occur. Ultimately both A and B are 
found to be equally warm, i.e., they have attained the same tem- 
prature. A and B are now said to be in thermal equilibrium, In this 
Process some energy (namely the heat energy) have moved from 
the hotter body A to the colder body В. Temperature then deter- 
mines the direction in which heat would flow, i.e., from the hotter 
to the colder body. We may conclude, ‘temperature is the driving 
force for the flow of heat’. When the two bodies are at the same 
temperature, no heat would pass from one to the other. Maxwell 
thus stated: “the temperature of a body is its thermal state consi- 
dered with reference to its ability of communicating heat to other 
bodies.” 

Suppose we have three bodies Y, Y and Z such that X is hotter 
than Y and Y hotter than Z as revealed by sense of touch. Then, X 
is also hotter than Z. This is similar to numbers. If p, я andr be 
three numbers such that if p is larger than q and q larger than r, 
then p shall be larger than r. It is thus obvious that if we could 
assign some values to hotness so that the hotter body will have a 
higher value, then those values might be regarded as temperatures 
of the bodies. The basis of fixing the value in relation to relative 
degrees of hotness will have to be abitrary. 

Consider now three systems А, B and C. Suppose A is in ther- 
mal contact with B through a diathermic wall and again B is also 
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similarly in thermal contact with C (Fig. la). A *diathermic wall’ 
is that which permits the systems in contact to influence each other, 
“so that their coordinates (р, v etc.) may alter and such a wall permits 
the flow of heat through it. Sufficient time being allowed, A will be 
in thermal equilibrium with В ; C also will be in thermal equilibrium 
with B. If В is now removed and 4 is brought in thermal contact 
with C, it is found that there is no change in the coordinates of A 
and C. That is the systems A and C are in thermal equilibrium with 
each other. Hence it is stated : 
“Two systems in thermal equilibrium with a thirdare in thermal 
equilibrium with each other." 
This is often mentioned as the ‘Zeroth law of thermodynamics’ . 


In fact, all measurements of temperature are based on the truth of 
this statement. 


Fig. 1а 


Now, systems which are in thermal equilibrium have the same 
hotness experienced by our senses. Or, we may say, systems in. 
thermal equilibrium with each other must have the same tempera- 
ture, So long the systems are not in thermal equilibrium, they will’ 
have different temperatures. Temperature thus becomes a property 
of a system which determines ifit would be in thermal equilibrium 
with other systems, 

We may. proceed to examine this a little more thoroughly. 
Suppose there are two separate Systems X and Y, each in its own. 
equilibrium state, For convenience of understanding, let the systems 
be gaseous ones, The states of their existence are defined by two 
variables, pressure and volume, which will determine the different 
properties of the systems including hotness, Let р, у be the pressure 
and volume of the system Y, and P and V those of system Y. Now 
suppose the two systems ate brought in contact through a diathermic 
wall. The pressure and volume of the two systems would change. 
Let pı, v, and P,, V, be the new magnitudes of those variables when. 
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thermal equilibrium is attained. If the system Х be now separated, 
it is an observed and established fact that its variables ру, v, may 
be altered to a new set (ps, v;) orto a set(ps,y,)etc.and yet X remains 
in thermal equilibrium with Y, having pressure and volume, Py У}. 
It means that X may have many states represented by (p;,v,) (ps, va), 
(рз, уз), . . . all of which would be in equilibrium with (P,, V) state 
of system Y, and (from zeroth Jaw) are in equilibrium with each 
other. If now these р-у values of system X be plotted graphically, 
‘we come across a curve (Curve A) which may be called an isotherm 
since all these states are in thermal equilibrium (see fig, 1b). This 
isotherm is the locus of all points representing states of X-system 
in thermal equilibrium with (Ру, V;)-state of system-Y. 

Similarly with system-Y, we shall have a set of states given 
by (Ps, Va), (Ps, Vs) ... all of which would be in equilibrium with 
State (ру, v,) of system-X, and hence are in equilibrium with one 
another. These sets of Р-У values may be plotted for system-Y 
to obtain a corresponding isotherm curve B. 

All states of system-Y represented by isotherm A will be in 
thermal équilibrium with any state of system Y, represented in 
corresponding isotherm сигуе В. It may then be said that these 


Fig. 1b 


systems in the given states have a property by virtue of which they 
remain in thermal equilibrium with one another. This property is 
the temperature. It is thus a property of the system and, as mentioned 
earlier, it determines whether the system would remain in equili- 
brium with other systems. This idea is also consistent with our 
experience that when two bodies are in contact for long, they acquire 
the same degree of hotness to our touch. 

Mathematically, we can express the equation for р-у isotherm 
curve А in the form; Ф (ру) = t(constant), 
and for curve B, í V (P,V) = 1' (constant) 
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If we insert a suitable number in one of these functions, it is 

easily possible to make = t’, so that we have 

$ (p, v) = 4(PV) = t 
This function (7) is thus a property based on (p,v)-values of all 
states of curve А and is the same for all other states in curve B and 
is the temperature. 

Again, starting with different initial sets of (p-v) values for X- 
and Y-systems we shall obtain different but similar isotherms as 
denoted by corresponding curves C and D. Obviously, the tempera- 
ture for these sets of (p-v) values would be different from that obtain- 
ed in the previous isotherms 4 and B. 

Now, taking one of the corresponding set of isotherms as 
reference, a numerical value for temperature may be given. Further 
adopting a suitable rule of gradation, other sets of isotherm will 
be given other numerical values thus framing a scale of temperature. 


1.3 Measurement of Temperature 


The detection of temperature-differences by human senses 
is qualitative and restricted in range. For accurate and quantitative 
measurement we have to place the temperature on an objective scale. 
The thermometer replaces the vague notion of hotness by precise 
numerical datum. The thermometer really registers a certain property 
(of a suitably selected substance) which changes continuously and 
monotonically with temperature. The property measured must be 
such as to have the same reproducible value whenever the substance 
returns to the same temperature. The properties studied for this 
purpose are of diverse character, such as the volume-change of 
a liquid in a capillary, the pressure-change of a gas at constant 
volume, the variation of electrical resistance of a wire, the e.m.f. of 
a thermocouple, the magnetic susceptibility or the emission of 
radiations. The commonly used thermometer contains a small quan- 
tity of mercury in a small evacuated bulb attached to a uniformly 
capillary glass-tube. The amount of expansion in volume is linearly 
measured in the capillary with rise of temperature. i 

The Centigrade Scale. To assign a numerical value to the 
level of hotness, we have first to fix a standard datum line (i.e., 
Zero point) and a unit for expressing the magnitude. For this 
purpose two fixed points, the ice-point and the steam-point, are 
universally selected, These are the freezing and the boiling tem- 
peratures of water under one atmosphere. These are the standard 
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references. Let us now say that the magnitudes of the property P 
(whose variation would signify the temperature) have values P; and 
P, at the ice-point and the steam-point respectively. Further let 
this difference of the P-values between two fixed points be divided 
into 100 equal divisions, each division corresponding to one degree 
of temperature. This property P may be the expansion in volume 
of a liquid or the resistance of a wire or the pressure of a gas, etc. 
The unit of temperature would then be 1? — i i and 
this is the unit in the centigrade scale (°С). Then a body having a 
temperature ¢°C will have the property P such that 
РЕР КЫ ООС НА 
^ (Ps—P)f100 - P;— Pt 
If we further designate the ice-point where Р=Р; as 0°C, the point 
P = P, would be 100°C. In the mercury thermometer, the expansion 
of volume of mercury is measured in the uniform capillary and 
hence the expansion is proportional to the length of mercury column 
in the capillary from the ice-point. Then 
о 1—1 
РС = 100 ДЫ 
The difference in the P-values between the ice-point and 
. the steam-point may be subdivided into any desirable sections 
instead of 100 divisions. This will only alter the units (i.e., degrees) 
of temperature. Likewise, the standard datum line at the ice-point 
may be given any arbitrarily chosen value instead of zero, So, in 
Fahrenheit scale, ice-point is 32°F and the range between ice and 
steam points are divided into 180 Fahrenheit degrees. Hence one 
centigrade degree is equal to 9/5 degree farhenheit. So, we have, 
“С = (3: +32) °F, 

The Absolute Scale. Thre is yet another scale of temperature 
called the ‘absolute scale’ which would be referred more frequently 
in our subsequent discussions. This scale has been drawn up on the 
variation of the pressure of a gas (at constant-volume) with tempera- 
ture. It is well known that the pressure of a given mass of gas at 
constant vomume increases continuously with rise in temperature. 
But under ordinary circumstances, the increase in pressure of differ- 
ent gases [at const. vol. with a given quantity] with equal rise in 
temperature is somewhat different. 


С 100 
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Then suppose in this scale of temperature, the temperature 
at the ice-point be 0; when pressure is Р; and let the temperature 
be 0, when pressure is Ps, the volume and mass of the gas taken 
remaining unaltered. Let the difference of pressures between the 
two fixed points be divided into 100 equal parts (as in the centigrade 


Ps—P; 
100 and further let 


0—0; = 100° absolute, such that one absolute degree = one 
centigrade degree. 4 
Now, for a given mass of gas kept at any desired constant 
volume Vi, we can experimentally determine both P, and P;, It 
has been found that at low pressures (5) bears a linear 
Uv 


relationship to P;. The values of P, may be altered by changing the 
volume to different constant magnitudes in different experiments. 


The straight lines obtained by the plot 'of (z) against P, for 
v 


different gases would be somewhat different (Fig. 1c). If these lines 
be extrapolated to P;=0, 
then in all cases, the 
Straight lines cut the 


scale). Then one absolute degree = 


Р, ) 3 
(>; ў -ахіѕ at the 
same point, such that 


Ps 

z), = 1.36609 
Lt Pi 

It must be understood 

that it is not presumed 

that pressure of the gas 

vanishes but that P; the Pressure at the ice-point is made 


infinitely small. Though the magnitude of (2 ) Lis obtained from 
tiv 


Fig. le 


the properties of real gases, the ultimate limiting value of the same 
is independent of the nature of the gas. 


In defining the absolute scale we further designate that 


FUNDAMENTAL CONCEPTS 9 


It means that the temperature would be directly proportional 
to the pressure (at constant volume) a condition held valid for ideal 
gases only. Now, we have two relations: 


= 1.36609 ; 6,—0, = 100° 


"hence 6; = 273.15? Abs; 6; = 373.15° Abs. 
In this absolute scale, therefore ice-point would be 273.15" Abs. d 
‚апа since the degrees in the scale are identical with centigrade 
degrees, the zero-datum of this scale would be 273.15° below the 
ice-point. Further, any temperature 6° Abs. of a body would be 
@ = (°С + 273.15°) Abs. 

Absolute temperatures measured in Fahrenheit degrees are 
called Rankine degrees, sometimes used by engineers. 

One absolute degree = 9/5Fahrenheit degree. 

2. 273.15? absolute degrees = 491.6° Fahrenheit degrees, 
The ice-point (32°F) is 491.6° Rankine. 

Hence any,temperature in Rankine Scale, 

T^g = (f^g +491.6—32) 
= (t^g + 459.6). 

"We have so far considered ice-point and steam-point as the fixed 
data for standardisation of a temperature scale. But for very high 
-or very low temperature measurements other fixed points аге to be 
accepted, such as sulphur point (b. pt.) or gold point (m. pt.). 
_ For low temperatures, the boiling point of oxygen is the fixed point. 

The use of two fixed points namely f.pt. and b.pt. of water was 
found somewhat unsatisfactory. In 1939, Giauque proposed a scale 
based on one standard fixed point and it should be ігір/ероіпі of water 
where ice, water and vapour would co-exist. In 1954, this proposal 
was agreed to by the International Committee of Weights and Mea- 
sures. If T be the unknown temperature of a gas whose pressure is p, 
and if p, be the pressure at the temperature (6) of the triple point 
of water, their 


4 T (2) const volume — ^" dd an 
Lt pe0 Lt po 0 


The temperature of the triple point of water was given the arbitrary 
value of 273.15° in order to make the degree in this scale the same 
as a centigrade degree. 


1. For detailed discussion of measurement of temperature, consult Saha & 
Srivastava’s ‘A treatise on Heat’. 
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1.4. Work, Energy and Heat 

If an object, say a table, is pushed by the hand, it may be dis- 
placed from its original position. We consider this as a mechanical 
work (or simply, work) done by mascular effort. In fact, whenever 
the application of a force causes a displacement of a system, mecha- 
nical work is done. The magnitude of the work is measured by the: 
product of the force and the displacement caused. Thus, work 


W = Ех ЛІ 


where F is the force and A/ is the displacement caused. The lifting. 
of a weight, the expansion of a gas by moving out a piston, the 
winding or unwinding of a spring, the turning of the blades of a 
wheel are common instances of such mechanical work. The: 
performance of the work need not necessarily be always achieved: 
by mascular effort. The work may be produced in diverse ways. 
If a quantity of electricity О is transported along a wire under am 
electromotive force E, then we consider this as electrical work, 
W= E X O. 

In thermodynamics, however, the work involv- 
ed by the interaction of one part on another within 
a given system is not recognised. An example may 
be helpful. Suppose a mixture of hydrogen and 
oxygen is enclosed in a cylinder with a piston. The 
work in the diffusion process of the two gases within 
is not usually taken into consideration. But if the 
mixture as a whole expands pushing out the piston 
from position A to B, then work is done by the gas- 
system (Fig. 1d), 

Ех AI, (Al = AB) 
=pxax Al, (a = cross section of the piston) 
or = Рх Ay 
where P is the pressure on the Piston and Ду is the increment in 
volume ; ie. a. Al. 

The usual convention in thermodynamics is that the work 
done by a system is positive, whereas the work done on the system 
is negative. 

To be more precise in the ‘concept of work’ it would be con- 
venient to recall here a few relevant facts of experience. 


Fig. 14 


Ww 
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Heat generated by the burning of coal ultimately enables the steam-engine - 
to pull the train, i.e., to perform work, Conversely, the mechanical work spent 
in rubbing two blocks of ice or in the boring of a cannon generates large quanti- 
ties of heat. There is thus an intimate relation between heat and 
work, one can yield the other. We need not at the moment enter 
into the quantitative relation between the two. 

An object A placed at a certain height and tied to a weight 
over a pulley would lift the latter when the object А descends to 
the surface of the earth. We state that the body А at the higher 
level possesses potential energy at the cost of which the work of 
lifting the weight is being performed (Fig. le). 

Electricity passed through a circuit may be made to produce 
the rotation of the armature of a motor used for lifting a weight 
or winding a spring. Conversely, the work done in turning the Fig. le 
blades of a turbine would generate electricity. This is an instance 
of the conversion of electrical energy into work or vice versa. On the other hand, , 
electricity led through a resistance would produce heat. 

In a chemical reaction, say between zinc and copper sulphate, large amounts. 
of heat are produced. The same chemical change carriedout in avoltaic (Daniell) 
cell, would provide electrical energy instead of heat. Here the chemical energy 
is being converted into heat or electrical energy. Numerous, such illustrations 
may be cited. 

Broadly speaking, two facts emerge out of these. Firstly, the 
different systems possess something (really the energy) which can 
yield work; and secondly, all these different kinds of energy are 
interconvertible. Energy should therefore be defined as a property 
which can be transformed into or produced from work. 

In the various natural phenomena, energy manifests itself in 
different forms, such as, mechanical, chemical, radiant, electroma- 
gnetic, surface energy etc. 

From these definition of energy, work itself becomes equivalent 
to energy and is an observable manifestation. In fact, different 
forms of energy are often expressed in terms of work. 

Heat, obviously, is another form of energy since it can yield 
work or can be produced from work. But heat is somewhat different 
from other forms of energy such as electrical or chemical. All 
other forms of energy can be completely transformed into work, 
but heat cannot be wholly converted into work, Any attempt to 
convert the whole of a quantity of heat would affect a permanent 
change in the system or the neighbouring systems. There is another 
aspect of heat which requires attention. When two objects with 
different temperatures come together, one with the higher tempera-- 
ture loses heat energy and the other gains it. That is, energy. in the- 
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"form of heat flows from a higher to a lower temperature. Hence, 
heat is energy in transit. Only during the process of flow we are 
conscious of this form of energy. But when the flow ceases, we do 
not speak about the heat present in a body. *Heat in a body' is 
meaningless, What may be present in a body is the energy. This 
energy, by out-flow of heat would be decreased and would be 
increased by in-flow of heat. Likewise, it would be incorrect to 
speak about ‘work in a system’. The system during a physical or a 
chemical change only may yield us work at the expense of energy. 

Measures for Energy : Energy is a scalar quantity. It has 
magintude but no direction. The energy of several systems is the 
sum of their individual energies, Units employed to measure energy 
are different for different forms of energy. 

Work in cgs scale is measured in ergs. An erg is the work done 
when a force of one dyne acts through a length of one cm, [Dyne 
is the force which acting on a mass of 1 gm produces an acceleration 
of one em/sec?] 

In ST units, work and other forms of energy are expressed in 
Joules, where 1 joule = 10" ergs. 

Now, work = force x displacement 
= mass X acceleration x displacement 
In dimensions, then, work = mx1xt-?x1 = mtt-?, 
АП forms of energy should have the same dimensions. 

Heat is commonly expressed in terms of calories, One calorie 
is the amount of heat required to raise the temperature of 1 gm 
of water through 1°C, from 14,5°С to 15.5°С. A mean calorie is 
1/100th of the heat required to raise the temperature of а gram 
of water from 0°C to 100°C. The bigger unit of heat is the kilocalorie. 

Another unit is also used sometimes, called the British thermal 
unit (B.t.u.); it is the heat required to raise the temperature of 1 1b. 
of water through 1*F. 

Electrical energy is measured as the product of e.m.f. (E) and 
the quantity of electricity transferred (О) i.e. ‘electrical energy 
= Ех О. The unit of electrical energy is the Volt-coulomb, and 
is the amount of energy involved in the transfer of 1 coulomb of 
electricity under the influence of 1 volt e.m.f. 

Of the mechanical forms of energy, the Kinetic energy, my2 
and the potential energy, mgh are commonly known, where v is the 
‘velocity and л is the height of a body of mass т. 
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The inter-relation between the different forms [of energy will 
be considered when we shall discuss the first law. 


1.5. Thermodynamic Systems 

For the purpose of thermodynamic considerations, a system 
is any material or quantity of matter, chosen separately from the 
rest of the universe, enclosed by boundary surfaces. The boundaries 
of the system may be real or imaginary, but the existence of the 
boundaries is of importance in order to visualise the system dis- 
tinctly from the rest of the universe. A quantity of a gas in a closed 
cylinder has real and defined boundaries, but when the same gas 
flows through a zigzag pipe, its boundaries constantly change and 
have to be followed in imagination as it progresses. Any other- 
material or body, near or distant, besides the system chosen, i.e. . 
the rest of the universe is spoken of as the surroundings. A system. 
and its surroundings constitute the universe. Usually a system would 
contain a definite mass of material but we may also consider systems . 
in which known quantities of materials are introduced, or from 
which known quantities of materials are taken away. It is however- 
not necessary that the systems should have any definite shape or 
volume. A thermodynamic system may contain'one'or more kinds of ` 
matter and may be homogeneous or heterogeneous in character. 

Only on rare occasion, we shall consider even an evacuated’ 
space (containing nothing but electromagnetic radiations) enclosed 
by boundary walls as a system. 7 

The boundary walls of a system may be of two types. The 
walls may allow the transmission of heat through them, into or out 
of the system. Such walls are diathermal walls. On the other hand, 
a system may be enclosed by boundary walls which would not 
permit any heat to enter into the system or to come out of the- 
system. These walls are termed adiabatic walls, A liquid contained 
in a glass beaker may be easily heated by a Bunsen burner, the 
glass walls behaving as diathermal boundaries. If the liquid is 
kept in a: silver-mirrored double-walled Dewar vessel, heat from 
a burner can little affect the temperature of the liquid within. The 
boundary walls here are adiabatic. 

The systems are classified into three groups: 

(i) A system is said to be an isolated system. When it is in- 
capable of exchanging either energy or matter with the surroundings. 
The system would be bounded by adiabatic walls. 
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(її) A closed system is one in which energy-exchange with the 
surroundings is possible but no mass-transfer across the boundary 
is permitted. It has diathermal walls. 

(ii) In an open system, the transfer of both mass and energy 
across the boundary is possible. 

Properties of a System ; The physical characteristics or attri- 
butes which are experimentally measurable and which enable us to 
define a given system are called thermodynamic parameters or 

"properties of the system. Various properties such as, composition, 
pressure, volume, temperature, refractive index, viscosity, surface 
tension, dielectric constant etc. may be associated with a System. 
But ordinarily, the first four properties, namely, composition, 
Pressure, volume, and temperature of the system are of fundamental 
importance. Only on occassions of special consideration, any other 
property of the system, say surface tension, is accepted as a variable 
of the system. 

The four variables or parameters of the System are generally 
‘sufficient to define the system thermodynamically, These parameters 
-are directly experimentally measurable and do not require any 
“assumption regarding the structure of the matter. If the system be 
homogeneous or of a given composition, then only three parameters 
'(P,V,T) need be considered. We further know that the pressure, 
“volume and temperature of a system are interrelated. In fact, for 
ideal or real gases, quantitative expressions, such as van der Waals 
‘equation, indicate these relations, Hence, in such cases, if any two 
-of these three parameters be specified, the third is fixed. Thus, if 
pressure and temperature a system either homogeneous or of 
«known mass and composition be known, the volume would have a 
fixed value, Hence it is said that the thermodynamic state of a system 
“ОЁ given mass and composition is defined by specifying any two of 
the three parameters, 

The properties of a system may be of two Categories. Certain 
-Properties do not depend upon the quantity of matter present 
in the system at all. These are called intensive properties, Examples 
"are pressure, temperature, viscosity, density, refractive index, ete. 
If a system is divided into two equal halves by a partition wall, 

the temperature or pressure would not change at all in any of the 
halves, There are other Properties like mass, volume, surface area. 
“etc. which would alter with the quantity of matter present in the 
:system, The value of the Property for the whole of а body is the sum 
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of the values for all of its constituent parts. These are called exten- 
sive properties. A few cases are cited here: 


System Intensive property | Extensive property 
Simple meterial system Pressure | Volume 
Electric cell Electromotive force Quantity of electricity 
Paramagnetic system Field strength Magnetisation 
Surface film Surface tension Surface area 


——————————————— 


1.6. Equilibrium 

In a system left to itself, the parameters have a tendency to 
be uniform throughout the system.* The pressure and tempera- 
ture thus become uniform at all points of the system. If different 
;parts of the system have different pressures or temperatures, the 
parameters cannot be specified and the thermodynamic state of 
the system cannot be defined. When complete uniformity in the 
magnitudes of the variables is acquired, a steady condition is set 
and the system is said to have attained equilibrium. 

For attainment of complete equilibrium, three different condi- 
Чоп» are to be fulfilled. 

(1) Mechanical Equilibrium. Yt is necessary that there should 
be no unbalanced forces existing between different parts of the 
system or between the system and the surroundings. When this 
«condition is satisfied, the system is in mechanical equilibrium. 
If there be difference of pressure between the system and the surroun- 
dings, it would lead to displacement of the system with respect 
‘to the surroundings. 

(2) Thermal Equilibrium. The temperatures at all parts of 
the system must be the same and should be identical with that 
.of the surroundings. In case of existence of difference *jn tem- 
peratures, it is common experience that heat would flow from 
higher to lower temperature until uniform temperature is attained 
throughout. The system is then in thermal equilibrium. 

(3) Chemical Equilibrium. When the composition of the 


* In a heterogeneous system, this would apply to each homogeneous part 
of the system. 
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system remains fixed and definite, the system is said to be in chemical) 
equilibrium. 1 
Some care is necessary to ascertain if chemical equilibrium has been attained’ 


by a system or not. Sometimes a reaction proceeds with such an infinitely slow ` 3 


„ rate that the system appears to be in chemical equilibrium, having fixed amounts 
of the components. The most frequently cited illustration is the system of a 
mixture of hydrogen and oxygen with supercooled water vapour at ordinary 
temperature. The reaction rate is so slow that in years even no variation of the 
concentrations of the components would be perceived. But that the system is 


not in true equilibrium is proved by the introduction of a minute spark which 


would immediately convert most of the mixture into water. 

The mechanical equilibrium therefore refers to uniformity’ 
of pressure, the thermal equilibrium to uniformity of temperature 
and the chemical equilibrium to the constancy of chemical com- 
position, 

A system which satisfies all the three equilibria is said to be: 
in thermodynamic equilibrium. Its composition and properties 
would undergo no observable change even in indefinite period of 

‘time. When a system is in jthermodynamic equilibium, its pro- 
perties have definite magnitudes. Whenever the system comes to: 
that particular state of thermodynamic equilibrium, its properties. 
will have the same magnitudes, regardless of what might have: 
occurred to the system previously. 


Й 


1.7. Processes 


When опе ог more of the parameters of a system change, the: 
state of the system also changes. It is said that the system is under- 
going a process. 

Now, if a system suffers a series of changes so as to come back: 
to the initial state, the system is said to have completed a cycle. 
The series of processes, as a consequence of which the system reverts 
to its initial state is called a cyclic process or a cycle. 

In a cyclic process, the system returns to its original state. 
Since the state of the system is defined by its parameters, these para- 
meters (p, v, etc) must also revert to their initial values. 

The changes of a system can be effected in different ways. If 
a system undergoes a change in such a way that the temperature: 
throughout remains unaltered, it is called an isothermal process. 
On the other hand, the change in a thermally insulated system, — 
enclosed by adiabatic walls which do not permit heat onchange 
with the surroundings, is called an adiabatic process. 


^ 
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A process in which volume is kept constant is an isochoric 
process. If pressure remains constant the process is termed isopiestic 
or isobaric. 

If a process is carried out in such a way that at every moment, 
the system departs only infinitesimally from an equilibrium state, 
the process is called a quasistatic process. At every instant, the 
system remains virtually in a state of equilibrium. We shall 
discuss this more thoroughly later in connection with reversible 
changes. 


1,8. Internal Energy 


We are familiar with different types of energy, such as kinetic 
and potential energy, light energy, thermal energy (heat), electrical 
energy, etc, Besides these, a system is said to possess what is called 
‘internal energy’, the concept of which is not so obvious. 

When a gm of ice at 0°C melts it takes in 80 calories of heat. 
(which is a form of energy). Where is this energy gone? If the 
same amount of water now freezes into ice, the said 80 calories of 
heat are expelled. It seems the energy absorbed by ice during melt- 
ing remained within the water. Again, when a paddle wheel is vigor- 
ously rotated in a mass of water, the latter gets heated. That is, 
mechanical ‘energy of the rotating wheel is transformed into heat 
energy. Joule showed further that there is a proportionality between 
the amounts of heat generated and work performed. 

It therefore appears that a thermodynamic system containing 
some quantity of matter, in virtue of its very existence, must possess 
a store of energy. This is sustained from other experiences in diverse 
isolated systems, e.g., (a) zinc and copper sulphate react in a Daniell 
cell when electrical energy is produced (b) hydrogen and oxygen 
mixture explode in a cylinder producing mechanical energy (c) carbon 
monoxide and oxygen unite producing heat energy etc. Unless the 
systems had inherent energy within, how could they isolated from 
the surroundings yield work or other forms of energy by themselves, 
Hence we believe that every system has within itself a definite quantity 
of energy. This is called the ‘internal energy or intrinsic energy’ of 
the system. The internal energy of a system depends on its thermo- 
dynamic state, and hence, on the thermodynamic parameters. In 
this text, the internal energy of a system will always be expressed 
by the symbol U. 

In a system of constant composition, the magnitude of U will 


2 
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depend upon other thermodynamic variables (P, V, T), any two of 
which may be regarded as independent variables (sec. 1-5). Thus, 
U = АРТ); or U=f(P,V); or U = f,T) 

The internal energy thus becomes a property of the system entirely 
defined by its thermodynamic parameters. Whenever the system 
will be in the same thermodynamic state, its internal energy will 
have the same magnitude. The internal energy U is thus a single- 
valued function of the thermodynamic state of the system. Such 
functions whose magnitudes are governed only by the state of the 
system and nothing else are termed characteristic functions of the 
system, often called state functions. 

It is true that, in most cases, it would not be possible to exactly 
evaluate the amount of the internal energy of the systems studied. 
That the systems possess internal energy is enough and is of vital 
importance in thermodynamics. Its implication would be fully 
realised from the First Law. The classical thermodynamics is also 
not concerned to find out how this internal energy is acquired or 
stored or structurally distributed within. The internal energy (U) 
is an extensive property. 


From the microscopic viewpoint, the internal energy of a system is supposed 
to arise from varied type of motions and positional influences of the consti- 
tuent molecules, such as translational motion of the molecules, rotation and 
vibration of atoms, electronic motions and spins, nuclear bindings, intermulecu- 
ler interactions etc, etc. 


The internal energy does not include any energy that the system 
may acquire as a result of its position or motion as а whole. А 
system, having been placed in a gravitational or electric field may 
acquire additional energy. That is, a system due to environmental 
conditions may happen to possess some extra energy. These external 
energies are not usually accepted as a part of the internal energy of 
the system. 

Internal energy change : When a system changes from one 
thermodynamic state A to another thermodynamic state B, itsinternal 
‘energy U will also change. Let V4 and Ug be the respective internal 
energies in state A and in state B. U4 and Ug will depend on 
the parameters only of the two different states. Then, the change 
in the internal energy U5— (а, represented by AU, will be governed 
only by the magnitudes of the variables in the initial state 4 and the 
final state B. AU will thus be independent of the path, by which 
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the transformation has been carried out. A particular change of a 
given system may be effected by different paths, but AU would be 
the same. To illustrate, a system of carbon and oxygen may be 
directly converted into carbon dioxide or through the intermediate 
formation of carbon monoxide, but AU in both the cases would 
be the same, provided the pressure, temperature etc. in the initial 
and final states be the same in both cases. There is a decrease in 
internal energy, і.е. Осо, is less than (Ue + Оо,). AU* expresses 
the change in internal energy. 


kj 
() C+0, = CO, AU = —393.5 
Gi) € +40, = CO AU, = —110.5 
CO +0, = CO, Ай, = —283.0 
—€ +0; = СО, 23935 - 


In a cyclic process, the system returns to the initial state, and 
hence, its parameters would revert to their original values. The 
internal energy, therefore, assumes its original magnitude irres- 
pective of what might have happened meanwhile or previously. The 
internal energy of the system is independent of its previous history 
but is defined by its parameters at the moment. If all the internal 
energy changes (AU) in the different stages of the cyclic process 
be summed up, these would vanish. 


IAU = AUi t AU Hei + АШ. 0 
This is represented as, $dU — 0 


The circle in the integral denotes a complete cyclic process. 

State functions : It has already been mentioned that the 
internal energy (U) is a state function because its value depends 
only on the parameters of the system. 3 

Later on, we shall come across other functions associated with 
the system, such as entropy, enthalpy, etc, which are also ‘state 
functions’. : 

In contrast, there are thermodynamic quantities whose values 
depend on the way the transformation is carried out. Suppose the 


СЫНЫ? е Se eis 
*The symbol A would always indicate the change in quantity. The change is 
obtained by subtracting the initial value from the final value. 
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temperature of a mass of water is to be raised from Т,° to 75°, This 
can be accomplished in different ways. (fig 1/7) 


(i). Directly q calories of heat may be introduced (Fig. 17А). 
(ii) A quantity of electricity may be passed through a coil immersed in the 
given system of water (Fig. 1f.B) 
or (iii) A paddle-wheel may be mechanically rotated in the water, as in the 
historical experiment of Joule, by repeated lowering of a weight (Fig 1/.C) 


Fig. 1f 


The change of the system in each case is the same. But 


(i) the heat input (g) is nil in the process B or C but it is appre- 
ciable in the process A. 


(ii) the performance of work (w) is nil in the processes A and 
B but it is appreciable in the process C. 


Hence, the heat change g or the work involved w in a given trans- 
formation depend on the path of the change of the system. Thus, 
q and w do not qualify to be ‘functions of state’. These are generally 
called ‘path functions’ 


1,9. Equations of State 

A system of given mass and composition is thermodynamically 
defined by three parameters—pressure, volume and temperature. 
But if any two ofthese variables be arbritrarily chosen, the third 
would be automatically fixed. A system having a known pressure 
and volume must have a naturally defined temperature. That is, 
only two of the three parameters (P, V, Т) are independently variable. 
"There exists a relation between Р, V and Т, for а system. The relation 
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is not precisely known for condensed systems, but for gases, such re- 
lations are well known. For an ideal gas, the mathematical relation is 


PV = RT, (for 1 gm mole) Ога) 


when the constant R= 8.3149 ј per mole per degree. 
If pressure be expressed in atmospheres and volume in litres, we have 


R = 0.08206 litre-atmospheres per mole per degree 
= 1,9872 calories per mole per degree 


The equation of state (1.1) for ideal gases is not strictly obeyed 
by real gases. In real gases, the equation has been empirically modi- 
fied in several forms, the most common being that due to van der 
Waals, 


Van der Waals eqn., (2 + я) (v—b) = RT ev fhe 


Where a, b are specific constants for a particular gas, i.e. magni- 
tudes of a, b are different for different gases. 

The critical constants of a substance can be easily derived from 
van der Waals equation of state in terms of the constants 


8a 


a 
Р, ape Ve = 3b, T. JIRE PNE) 
There are also other equations of state, such as, 
Dieterici’s eqn. P(V—b)e4/kTY = RT 

ә, а = 
Berthelot’s eqn. ( p+ тз) (V—6b) = RT etc 


(i) Coefficient of thermal expansion, a - 

It is defined as the rate of change of volume with temperature 
at constant pressure per unit volume of the substance. This is also 
called thermal expansivity. ] 


1 удо 
а= 157), een LH 


(i) Compressibility Coefficient, В 


]t is defined as the rate of change of volume with pressure at 
at constant temperature per unit volume of the substance. 


1 [д 
B=- (86), ЕС) 


43 PL 


22 THERMODYNAMICS 


Relation between a and В : We know, 
v — f(T, P) 
Suppose a system changes its temperature by AT and its pressure 
by Ap, then 


sore Ga, ar 
aVAT — BVAP (from 1.4 and 1.5) 


foi anisochoric change (AV = 0), 
j 4 aVAT = BVAP 


= (2 = аР о! 


v 


Av 


1 


(iii) Isothermal Bulk modulus, В 

The isothermal bulk modulus which may be defined as the 
ratio of the pressure change to the change in volume per unit volume 
at constant temperature. 


dp 
nl . (7) 
- B = 18 25 aoa (118). 


Example. Derive expressions for a and В for (i) an ideal gas and (ii) a van der 
Waals gas. 


в = v (2 


І. Ideal gas. PV = ЕТ (fori mole) 


R a RT 4 
`@.- УЛ ape а-в 


а (2) ии ли 
T dT!p PV ЕТ T d$ 
1 [o 1 КАМЫ jtm 
аа B=- (5) =-+(-F)-4 
П, Van der Waals gas, For 1 mole, 
(24%) 9 = ат 
or. ; PV — [ORIG RT a 2:0) 


y: 
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Differentiating with respect to T at constant P, 


dis ve у (от), 718 


д 2ab 

VA We ac POTE ea 

or [4 А Е je а[ Ty 

р 1 [av R 

^ ORNA | Р РУ a V+2ab/V* Бо) 


Again from (i) above, we have, by differentiating with respect to P at constant. 
temperature Т, 


aV! a aV! nah 
PU +r- 5 (5) + > (3), =0 


oP} r 
aV! a 2ab) . 
or а 2+5] y „алау 
is 1 [oV! V—b 
zd Ris TY Vlr y a 2ab 
Руз уз 
P v—b j 
ЖУДА aab ЖЫ АГ) 
IB: yT v: 


1.10. Some Simple Mathematical Formulae 


A. Partial Derivatives : Suppose a quantity z is a function of 
two independent variables x and y, i.e., 


z — f(x, y) 
If the co-ordinates x, y change by the amounts Ax and Лу, 
then the change in the value of z will be given by, 


м = ($ z) ax (& 5), A E EM 


where (E ) is the rate of change in the magnitude of z, when 
y 


y remains constant. 

Like wise, (2) is the rate of change іп the magnitude of z when 
gz 

x remains constant. These are partial derivatives. 


[The subscripts x, y at the right-hand bottom indicate their constancy during 
the changes of the rest.] } Г 
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Equations of the type (1.12) are therefore applicable to state 
functions, such as, internal energy, U. 


U = f(P,T) 
Pe ma ty es au 
дар = (33), dP + $7], dT EA) 


(The equation (1.13) means that if the pressure and temperature 
of the system changes by amounts dP and dT respectively, the total 
change in internal energy dU is the sum of the two contributions. 


Here ( 50 | means rate of change of internal energy with pressure 


at constant Т. So, ( ES dP is the magnitude of the change in U 
T 3 


due to change of pressure alone. Similarly, (&), means rate 
of change of internal energy with temperature at constant P. Hence, 
($), dT is the magnitude of the change in U due to change of 
‘temperature alone, 


Such expressions would be valid in all cases of state functions. Thus, 


V= f(T, P); hence dV = (2), (5), 


: ару OE КСЛ АТ. 
For an ideal gas, (2), = ЕЈР and (5), = – 52 
R RT 
dV = 5 aT ~ = dP 
The entropy denoted by S is a state function. Hence, 
S — КТ, V) 
or ds = 2) ат + (25) dV, etc, 
aTly aV tr 


В, Perfect Differentials: As before, letz = Vx, y). 

It is presumed that z isa single-valued quantity such that its 
magnitude at any moment or in any given state is solely determined 
by the instantaneous values of x and y at that moment in the given 
State, If the variables change, the magnitude of z may Change and 
this change dz is a perfect or complete differential. To make it clear, 


| 
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let us represent graphically the variables x and y along two axes 
at right angles (Fig. 1g). At the point P (with co-ordinates x, y), 
the magnitude of z is z, Again at the point Q(co-ordinates x’, у) 
the magnitude of z isz,. Then dz = (д^ zi) will always have the 
same value determined by x, y, 
x',y' ; dzis a perfect differential 
and dz is independent of the path 
of transformation from P to Q. 
The perfect differential can be 
integrated to a definite value, i.e. 


2 
| dz = Z,—z,, independent of 


Fig. 1g 


1 

the path of integration. 
It is also obvious that if a change from P to О is brought about . 

by one path (say I) and the reverse change is effected by another path 

(say Ш), the magnitude of z will come back to the same value, 

defined by x, y at P. Hence for a complete cyclic process of 

transformation reverting to the original state, 


ZAz = 0 
ог $2 = 0 


This cannot be said of functions like heat-change or work 
involved. It is meaningless to say Ag or Aw. If Aw = w3—W,, 
or Aq = q2—q;, they would mean the difference of heat (or work) 
between the final state and the initial state. But a system does not 
possess either heat q or work w initially or finally. These quantities 
arise only during transition. These are not-properties or functions 
of state. Small amounts of heat or work should hence be expressed 
as ôq and Sw, These are imperfect differentials, Summation of the · 
small quantities of heat or work would lead to the total heat-change 
or work involved in the transformation of the system. 


an 184 = q апа sow = w 


This can be considered from another direction. Let P and О in 
[Fig: 14] have co-ordinates (x, y) and (x + Ax, у + Ay), respec- 
tively. Suppose the transition from P to Q can be effected in two 
ways along PRQ or PSQ. 

In the path PRQ, we first change the variable x to x + Ax, y 
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remaining constant to reach}the point R. Then [hen x being К kept cons constant: 
as (x TAX) the variable y is altered to SOF: Ду), till Q is s reached... 


(yv ay) 
5 Qe Oxy + ду) 
y 
P: R 
(х,у) (x+ ах,у) 


Fig. 1h 


Then, at R, the value of z would be z + (2 ) Ax. So, at Q, 
y 


z+ Az = z+ (E), EDS GR), ле] лу 


Similarly, if we follow the path PSQ, the co-ordinates, at the point, 
S, would be x, y + Ay and the value of z at the point 5 would be- 


z+ 22) Ay. So, when the point О is reached, 
ay! a 


seri nt 5). tab (2 =) А>], Ах 


If dz is to be a perfect differential, the two expressions must be equal.. 
д?2 
E) ^>+ (8) дачы фу ладу 


= 2+ (Z) A+ ($),» + 2 делу 


© ЖЖП MT АР 
k ахду  дудх 
That is, if dz is a perfect differential, then —— ыд (1.14) 
У ӧхду | 8y0x "7^ 


Conversely! we can conclude that dz will be a perfect differential 
when it is found that 
G) z is a single-valued function depending entirely on the 
instantaneous values of x and y; or, 
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(ii) dz between any two specified points or states is independent 
of the path of transition; or, 

(iii) $ dz for complete cyclic process is equal to zero, or, 

(v) LaL ABRIL de 
axdy Әхду 
respect to x and y carried out in either order become equal 
to one another. 

The state functions conform to these relations, 


ie., the second differentials of z with 


Illustrations : (a) Let us take a system containing a gm-mole of an ideat 
gas, then, T = f(P,V). Hence, by definition dT is a perfect differential. It can. 
be proved as follows : 


PV — RT 
oT Pi ST 1 
Now e m R’ hence 2P Е 
: oT AE nr adi 
Amin (Б m ee ee ae 
?T T 
ele ud dT is a perfect dlifferential. 


3VoP ЭРЭР ее" 


С. Cyclic Rule 
Suppose, there is a relation between three quantities X, у and z, 
such that 


fon y, 2) = 0 
So, we have x = £(y, 2) 
у= ф(х) 
As before we can write 
_ [0x ax : 
Ax = (3), Av a), ^* кро; 
ESL ду oi 
and Kes (2), Az+ (2), Ax УШ) 


Substituting (її) in (i), we have 
a) D) oer, es] (8), 0° 


- (8). @), aes), (20, + (ase 


Now, equation (iij) is generally true for all values of x, y and z. 


Ax 
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Let us consider x and z as independent variables so that Ax and 
Az may have any value. 


а) Suppose Az = 0 and Ax = 0, 


then a $5]. ln Ax. (from iii) 


2) (2) = Во; 
-8 E. 


(b) Suppose Ax = 0, and Az ¥ 0, then from (iii), 
js AR SIE ee 
shi. Gu 
д2 д2 (|, 


КЁ 8). (2). à), Sues was (116) 


This is the ‘Cyclic Rule’. 


Example, Let us consider 1 gm-mole of an ideal gas, when PV = RT, then, 


oP -%; (т) -2 p LRT (E А 
Ge Vis АӨК Лр RS UP VeBly7 R 
SM ӘР Nie 1 
Now applying (у), ep v VR [ay 
| aPly 
| R P (=RT RT. 
ied) (9), i, v = zj- “TR Ку pps 


It corresponds to the cyclic Rule. 
Example. Derive the cyclic rule for a van der Waals gas. 


The van der Waals eqn: P = —— — 
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P—alV2+2ab/V* 


ð 
дт 
lh аш 127 = SL from eqn. 1.10) 
( Tp 
ov V—b 
(6) = rks (from eqn, 1.102) 
= (2) (3 2 К у (P—a/V?+-2ab/V*) 
ae Ae v—b R 


- =r) Peace 
Palv + zab Vs) F 


Example: Suppose H and G are two state functions associated with a system 
having variables P,V,T and S. It is further found that the perfect differentials 


(а) dH = VaP+TdS and (b) dG = VdP—SdT 


Show that (i) e Р), -(% ош) (Z pi (2 т 


(i) Now, ан = Үар + TdS , hence 
Bib: ie x 2H 
(25). САЯ суо 
| aH ў ён 7 av 
scm С Е О Масар TE 


2°, 2 
But dH is an exact differential, by (eqn 1.14), 8 ae бн. 3595 


($2), * (as). 


(ii) dG = VdP—SdT, hence 


0G 0G 
ЭР) zy and so, QUT 
А дс ; 
again, (зт Е = — S ; and so, ды we 
eG AG 


As dG is an exact differential, (eqn 1.14); ЭТдР` IPOT 


(2) Hs (8), 


It is possible to convert an inexact differential into an exact 
differential by multiplying with a siutable quantity called integrating 
factor. An example is given here to illustrate the same. 
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Example: The work of expansion w of a mole an ideal gas 
(PV = RT) is given by dw = PdF. 


Since PV = RT ог PdV- VdP = RAT, 
dw = Pav = RdT—vaP = кат — “Тар 

i ow pu aw 1з: 

M. (7), = R, or Pat = 0 


ма (38) -R o ж» Т 


ӘР "P әТӘр P 
9*w aw. : P É : 
So, IPOT * ЭТӘР! 1% dw is an inexact differential, 


If 3 is used as an integrating factor. Then, 


т = = ат -2 dP 
Say тй» = d$, 
89 (2), mic er xe 
and ()--P а кыла 


This equality shows d$ i.e. a is an exact differiential, though 
dw is not. 


CHAPTER 2 


\THE FIRST LAW 


2.1 The First Law of Thermodynamics 

In the eighteenth century the caloric theory of heat was regarded 
as true; heat was considered as a substance contained in a body. At 
the close of that century Count Rumford showed that large quantities 
„of heat are produced during the boring of a cannon without any loss 
in the heat capacities of the materials bored. Indeed he made an 
estimation of the heat produced by the power exercised by a horse. 
Soon after, Davy showed that rubbing of two blocks of ice could 
‘melt the same. It took however a few more decades to make complete 
realisation of the significance of these observations. In the early 
years of the last century it came to be generally believed that heat 
was a form of energy and heat and work are interchangeable, i.e., 
iheat can be produced at the expense of work or vice versa. Mayer, 
a German physician, was probably the first to announce in an obscure 
journal that there is a quantitative relation between the two forms, 
heatand work, when interchange takes place. From some crudely 
"arranged experiments in those early days, he could even suggest 
an astonishingly accurate value of the equivalence between the two 
forms of energy. 

Meanwhile Joule had carried out very thorough and elaborate 
‘investigations on this problem and clearly demonstrated from his 
-experiments that the same quantity of heat would always be pro- 
«duced by the performance of a given amount of work, irrespective 
-of the nature or process in which the work is performed or the 
substance used in the performance. In other words, there is a 
strict quantitative relation between the work spent and the heat 
: produced. 

Joule in his experiments, carried out the performance of work 
гіп diverse ways. The work was done by (a) agitating paddle wheels 
in а mass of water or mercury, (b) rubbing iron rings under mercury, 
(с) compressing air in narrow tubes, (d) passing electricity through 
.a wire of known resistance, etc. The heat produced was measured 

rom the specific heats of the materials used and the rise of tempera- 
xture due to friction or passage of electricity. j 
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For the production of unit quantity of heat (measured in 


calories), it would be necessary to perform a definite amount of 


work (measured in joules). Hence , if 


x calories of heat = y joules of work 
nx calories of heat = ny joules of work 


\ 


There is a constant proportionality between the amounts of heat 
and work. So, 
w= Jq 


where J is the constant of proportionality. J is the amount of work 
‘required to produce unit quantity of heat and is called the mechanical 
equivalent of heat. 

The value of J initially determined by Joule was 4.155 joules 
per calorie. Later on, many other workes, Rowland, Callender 
and Barnes, Laby and Hercus, Osborne, Stimson et al, carried 
out the determination of J with great precision. The present-day 
"accepted value ; 


J — 4.1858 joules per calorie 


This relation between heat and work, which is the origin of 
the first law, may be enunciated as “If or whenever, heat is obtained 
from work, the amount of heat produced is proportional to the 
work spent or conversely, if heat is transformed into work, there 
is a proportionality between the work obtained and the heat dis- 
appeared." 

Many instances have been cited earlier (Sec. 1.4) to show that 
not only heat can be converted into work but different forms of 
energy are all interconvertible into one another. A given quan- 
tity of electrical energy, comparatively easily measurable, was 
found to be equivalent to a. definite amount of heat or mechani- 
cal work. It was soon realised that such equivalence did not only 
exist between heat and work but between any two forms of energy. 
And if 


x units of energy A = y units of energy В 
then mx units of energy A my units of energy B. 


1 


The proportionality between quantities of two given forms. of 
energy is universally constant and the constancy of the propor- 
tionality is the essence of the first law. 


айыы. 
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Helmholtz gave a clear expression of this experimentally 
realised experience. He stated that the different forms of energy 
are interchangeable but when a quantity of one kind of energy dis- 
appears an equivalent amount of another kind makes its appear- 
ance, This is a more general statement of the first Jaw of thermo- 
dynamics. Since the disappearance of an amount of energy causes 
appearance of an equivalent amount of energy of another form, 
neither more nor less, we are compelled to accept that energy cannot 
be completely annihilated nor can it be created from nothing. Clausius,. 
therefore, enunciated that varied changes and transformations might 
occur but the total energy of universe must remain constant. Hence, 
the first law of thermodynamics is really the law of conservation 
of energy. * 

Another aspect of this principle need also be considered. For 
a long time, all human efforts to construct a machine or device, 
which working in a cyclic fashion would yield work without any 
expenditure of energy failed and it was firmly believed that the 
creation of such a machine would be impossible. A machine satis- 
fying this requirement is said to be performing prepetual motion 
of the first kind. But the creation of a perpetual motion machine of 
the first kind is an impossibility, That is, it has never been found 
possible to produce an unending supply of work by a method that 
leaves no change in any system. 


Let us assume, for the sake of argument, that the equivalence between heat 
and work is not maintained, Suppose a machine converts w units of work into q 
calories of heat. Further, suppose, functioning in the reverse direction, the machine 
transforms q ' calories of heat into w units of work, and say q>q'. In the reverse 
process q’ units of heat yield w units of work 

Hence, q units of heat yield »(g/g^) units of work. That is, if the whole 
of heat (4) generated in the forward process be reconverted into work, we shall 
obtain w(g/q") units of work. There is thus a net gain of work = w(q/a’)—w. 
= w(q—q')/q’, which is a positive quantity. In other words, work is produced 
with no expenditure. That is, perpetual motion of the first kind is achieved, 
which is contrary to experience. The equivalence between two forms of energy 
is thus obvious. F 

_ In the thermal processes in the stars or in atomic reactors, Einstein’s equation 

is to be invoked, E = mc* and the laws of conservation of mass and energy 
have to be combined. 


Experiments, like those of Joule, have revealed to us another 
universal experience of great importance. Consider a constant 
volume fluid system, bounded by adiabatic walls, which. is to be 

3 
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raised in temperature from T, in state А {о Т, in state B. This can 
be achieved at least in two ways. 

In the first method a paddle-wheel is made to rotate in the 
fluid by allowing a weight to drop through a height h [Fig 2a(i)]. 


System boundary: 


EN 
3 
| 3 
3 N pater 
ч 
L. i ] 
КЎ] Км 


Weight p. Gi) 
jh 
H 

мешн: Т 


Fig. 2а, Work done on an adiabatically closed svstem 


This is continued till the specified change from state A to state B 
takes place. The adiabatic work done on the system is measured 
"by mgh, where m is the mass of the load used. 

In the second method, current is passed through a resistance 
kept immersed in the fluid of the system and this is continued until 
the temperature is raised from Т, to Т,. Here again, the adiabatic 
work is measured as Eit where E is the voltage, i is the current 
passed for time 1 [ Fig 2a (ii) ]. 

It is found that for the given transformation of the system 
from state A to state B, the adiabatic work required is the same in 
both the methods ; i.e. mgh e Eit. The work is also the same if 
any other process be employed to effect the said transformation. 
"This experience may be stated as : 

“In the adiabatic transformation of a closed system, the work 
is the same for all possible paths from a given initial state to a final 
state” or, it may be said, “work carried on a closed adiabatic system 
depends on the initial and final states of the system and is independent 
of the path of transformation.” 

This is universally true and is regarded as an operational state- 

_ ment of the First Law of Thermodynamics. 

It is obvious that there is a state function or property of the 

system whose change during the transformation is independent of 
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the path and is measured by the amount of the adiabatic work 
involved. This property has been called internal energy U as men- 
tioned in sec 1.8. In fact, the first law gave birth to the concept of 
internal energy. If U, and U, denote the internal energy of the 
system in the final and initial states, then 


AU = U,-Ui = —Wagiabatic sss (21) 


The negative sign is introduced to indicate that work is done 
оп the system. The work done by a system, and hence received by 
the surroundings, is positive. Any form of energy other than heat 
which would leave or enter into a system is categorically included 
in the term ‘work’. 

The increase in the internal energy of a system is regarded as 
‘positive and its decrease negative. 

Algebraic formulation. Consider a system in a state A having 
an internal energy U4 undergoing a change to a state B, During 
the transformation (physical, chemical or mechanical) let the system 
absorb a quantity of heat д (say), then the net amount of energy of 
the system would become q + U4. In the process of transformation, 
the system might have also performed some work и, electrical, 
mechanical or of any other type. If Ug be the internal energy of 
the system at state B, then the net energy after transformation would 
amount to Ug+-w. 

From the principle of conservation of energy, we clearly see 


а+ Ол = Ов ж 
The heat entering into a system i.e., gained by the system is 


conventionally regarded as positive and so heat Jost by the system 
to the surroundings is taken as negative. t 


We see then, q = Us—Ua +w = AUT vw 
Or, for an infinitesimal change, 
$4 = dU + 8w ...... EE setae ZER) 


That is, heat taken up by a system would be equal to internal-energy 
increase of the system plus the work done by the system, This is 
the algebraic statement of the First Law. 

We know U depends only on the state of the system, hence 
its change dU for a given process is independent of the path of the 
change. We also know that q, the heat supplied or w the work 
obtained depend upon the path of the change. We therefore. use 
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different symbols to express the infinitesimal changes for internal 
energy (dU) and for heat-change and work term (ôq, 5w). 


A few comments may be made on this equation. 
(а) If the system is an isolated one, so that there is no heat 
exchange with surroundings, i.e., in an adiabatic process, ôg = 0. 


2. dU + dw = 0, or ôw = —dU 


The work performed, irrespective of its nature, by an isolated system 
will be equal to the internal energy decrease. 

The first law may then be stated as the algebraic sum of the 
‘changes in energy is zero in any isolated system. 

(Б) In a cyclic process, $ dU = 0 

Hence, $ 8g = $ dU + $ òw 

or $ $ ёа = $ òw, ie q =w 
The total work obtained is equal to the net heat supplied and no 
excess work can ‘be obtained. Thus, it establishes the impossibility 
of the perpetual motion of the first kind, which is our experience. 

(c) In a non-isolated system, permitting heat-transfers with 
the surroundings, the system gains heat (ду) and preforms work 
(8), For the system, 

dU = 5q—8w 

If we consider the surroundings only, it loses 5g amount of 
heat but recives ôw units of work. The internal energy change of 
the surroundings will then be 

dU' = 8w—8q 

Therefore, dU = —dU' 

The gain in internal energy of the system is counterbalanced by 
the loss in the same of the surroundings, or, 

dU +а7 = 0 
The net change in the internal energies of the system and the surroun- 
dings taken together would be nil. 

We often’ require different forms of energy for different: pur- 
poses. We need electrical energy for the light-bulb but mechanical 
energy for driving a car or a train. This necessitates conversion 
of one kind of energy into another. The transformation into the. 
desired form may ‘not often be directly done. For example, coal 
contains inherently'a lot of internal energy: During burning this 

. energy functions as chemical energy and yields heat. The heat 
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(тау be partly) is converted, by radiation, conduction, etc. into 
the mechanical energy of steam, which moves the engine to pull 
a train. Or, the mechanical energy thus produced may be made 
to run a generator to produce electrical energy to be used for 
different purposes. The electrical energy can also be made to charge 
a storage cell and is thus locked up in the chemical form. That 
means, some energy originally present in the coal is in the storage 
battery now. It may be questioned as to, how the coal acquired the 
chemical energy. The radiations from the sun were picked up in 
the remote past by the living plants in a process called photosynthesis 
converting a portion of the radiant energy into chemical energy. 
These plants by continuous process of thermal and pressure changes 
went beneath the soil to be transformed into coal and petroleum. 
The origin is then the solar radiation. We believe that the source 
of all terrestrial energy is the Sun. 

The practical importance of the first law is directly realised when we remember 
the constancy. of proportionality between two forms of energy. Could we 
have the electrical heating or lighting system in tne house if the same bulbs and the 
fans: would consume different amounts of energy at different times? Can we 
imagine the chaos that would be created in our physiological system if the same 
amount of the same food would produce during oxidation different quantities of 
heat within under identical conditions? It is because of the knowledge of the 
work that is necessary to raise water from the ground floor to the top of the 
laboratory, we can prepare and adjust the power of the motor used for pumping 
water to the roof. These are but some very broad illustrations to show how the 
first law becomes operative in our daily work. Imagine the catastrophe that would 
occur in the earth’s atmosphere if latent heat of vaporisation of water from sea 
and that of condensation of vapour into rain were not equal. The accummu- 
lated heat would cause extinction of life in a short time. 


It may be emphasised here that ӧд and ôw are inexactd efferen- 
tials. Their integrals depend upon the path. But their difference, 
199—8] behaves as an exact differential being equal to dU. That 
is AU = q—w. Ln | | 


2.2. Reversible and Irreversible processes 

The change of a system from one state to. another may occur 
in a reversible ot in an irreversible way. In a reversible process, the 
change of the system is allowed to happen slowly in minute quantities 
until the whole of the specified change is achieved. In an ideally 
reversible process, the change must occur in successive stages of 
infinitesimal amounts, The small changes should be carried out in 
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such a way that throughout the transition, the system must main- 
tain virtual thermodynamic equilibrium at all the small stages. The 
reversible change is hence often called a quasistatic process. In such 
a process, all state functions alter so slowly that the system is at 
all times in an equilibrium state. The important characteristic of 
this process is' that the process can be stopped and reversed by 
making an infinitesimal change of its parameters. 

Moreover, a reversible process must be such that if the system 
change in the opposite direction back to the initial condition along 
the same path, the magnitudes of the changes of the thermodynamic 
quantities in the different stages will be the same as in the forward 
direction but opposite in sign. Suppose, the expansion of a gas 
from volume V, to V, has been effected in 100 stages both in the 
forward and backward directions. Then if the heat-change be — ôg 
and work done be + ôw in the 10th stage in the forward process, 
the heat-transfer would be + 8g and work —8w in the 91st. stage in. 
the backward transformation. 

Suppose we have a system in which heat-transfer is Occurring. 
A reversibility of the Process implies that the surroundings which 
delivers the heat to the system must have a temperature T,, infini- 
tesimally higher than the temperature T of the system. Likewise, 
if heat is to flow reversibly from the system at T to the surroundings, 
then T should be slightly above T,, the temperature of the surround- ` 
ings. 

Again suppose a gas is enclosed in a cylinder with a piston 
and kept in a constant temperature bath. The 
pressure over the piston is P. The gas will ex- 
pand if the pressure P is very slightly lowered 
to Р", Let the work of expansion be бу. If 
now the new pressure be raised slightly, back 
to P, the gas will contract. It can be shown that 
the work now performed on the gas during con- 
traction will be the same as received from the 
system during expansion. Such a change would 
be regarded as a reversible one. 

А truly reversible process, has to be car- 
ried out in infinitésimal amounts and, hence, 
would require infinite time. In practice, the 
small changes in a process have definite magnitudes and are thus 
only close approximations at the best to a true reversible process. 


Fig. 2b 
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A strictly reversible process is thus purely.a concept, nevertheless 
it is extremely useful in analysis of our problems of energy-changes. 
An irreversible process is one which occurs suddenly or spon- 


taneously without the restrictions of occurring in successive stages 


of infinitesimal quantities. The system would also not remain in 


virtual equilibrium during the transition. The system after under- 


going a change will not have the tendency to return to the initial 
state by itself. If the change be reversed and the system is made to 
go back to the initial state, the work w in the forward direction 
and in the backward process would be unequal. It is important 
to remember that if the initial and the final states be specified, the 


internal energy change would always be the same, whether the 
reversibly. In an irreversible 


process has been effected reversibly or ir 
process, since work terms (8w) in the two opposite directions are 


unequal, the heat-transfers (8g) would also be unequal. 

Many processes occur in nature spontaneously. These spon-\ 
taneous processes happen unidirectionally and certainly not in 
successive stages of equilibria in minute quantities of transforma- 
tion. Natural processes are therefore all irreversible. 


Suppose water in a beaker is heated from 20°С to 30°С by heating over à 
Bunsen flame. The process is irreversible, because the temperature of the flame 
is very high and the water near the bottom of the beaker will be more quickly 
heated than the rest. In consequence, convection and turbulence would start. 
As such, tbe equilibrium is disturbed and the change is not reversible. 

The water from the slopes of the Himalayas flows down the Ganges into the 
Indian Ocean. Such natural flow of a liquid downwards is spontaneous and ist 
irreversible. The water in the Indian Ocean will of itself never ро UP the hill. 
If the water is pushed up from the Ganges by external agencies, the work to be 
done far exceeds the work received during its downward flight. Hence the pro- 
cess is irreversible, A 

If the pressure over the piston of a cylinder containing a gas be reduced to 


zero, the gas would enormously expand immediately but. work done by the system 
be compressed 


would be nil as the opposing pressure is nil. put if this gas has to о 
to the «riginal condition, considerable work would have to be performed on it. 
That is w in the two opposite directions are different and so the process is irrever- 
sible. " 
А gas like ammonia brought in contact with water will spontaneously be 
absorbed by water forming a solution, producing heat and particularly no work. 
Of itself, the solution would not separate back into the two components water 
and the gas. A lot of work has to be performed to separate these two from the 


solution. ‘ 
Carbon, set fire to, burns in oxygen producing carbon dioxide and a quantity 


of heat. If the heat received ‘thus be restored to carbon dioxide, the latter 
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will not revert back to carbon and oxygen. ` The process thus carried out is 
irreversible. 

The heat produced due to friction in the motion of two bodies is also an 
irreversible process. For, if the heat is supplied to the system of the two bodies, 
the original motion cannot be restored. Similarly, natural processes like the diffu- 
sion of two gases into one another, or flow of heat froma body at higher tempera- 
ture to that at a lower temperature, are all irreversible changes. 

The fact that the process is irreversible does not mean that 
the system cannot be restored to the original state. The water 
that has come down to the ocean can be taken back to the top 
of the hill, the carbon dioxide can be decomposed back to carbon 
and oxygen, etc. But such reversals would involve work by the 
surroundings or external agencies greater than that was obtained 
during the forward changes. 

A change carried out naturally in an irreversible way may also be performed 
in a reversible fashion, but that would need some special arrangement. For 
example, the beaker containing water to be heated from 20° to 30°C may be 
placed successively in thermostats of temperatures 20.1°, 20.2°, 20.3°, 20.4? and 
so on, until 30°C is reached, At every stage the system must be allowed to attain 
equilibrium, The smaller the temperature differences of the thermostats, the 
more ideal would be the reversibility. 

The process of irreversible solubility of ammonia gas in water may be per- 
formed in the following way to make it a reversible one. The ammonia gas may 
first be expanded to an infinitely large volume by reducing the pressure. If the 
gas at extremely low pressure be brought in contact with water extemely slowly 
the gas will enter the liquid, Subsequently, by gradually increasing the pressure 
in infinitesimal amounts the gas may be completely dissolved. 


2.3. Work in Reversible Processes 
(i) Isothermal Expansion of a gas : Suppose n moles of an 
ideal gas are kept enclosed in a cylinder provided with a frictionless 
Piston ( Fig. 2c). The cylinder is kept immersed in a 
large constant-temperature bath (T^K). Any change 
occurring to this system would be isothermal; There 
is a latch in the cylinder at the top (B) and the piston 
cannot move beyond B. The volume of the gas when 
the piston is at Bis v. To start with, the gas occupies 
a volume v; and the piston is at the point A, the eqm. 
pressure over the piston is Pj. The aim is to expand 
the gas from volume v, to volume v, by reducing the 
Fig. 2c pressure. This can be done in various ways. The 
pressure over the piston may be arbitrarily reduced to 
say 0, (zero), 4P,, $P,, etc. Thepiston would immediately jump up. 
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"When the pressure is zero, the work would be пїї. When external 
pressure is }P,, the work would be 4P, (v2—v,) ; when the external 
pressure is $P}, the work would be 4P, (уз —>;); etc. In fact, we may 
obtain different amounts of work from the same volume change, 
This shows ôw is an inexact differential, w is a path function, The 
processes mentioned just now are all irreversible. 

But the expansion can be made in a reversible fashion in the 
following way. Let the ext. pressure p, be reduced by. an infini- 
tesimal amount dp, when a minute volume-increase equal to dv 
would occur. The work done by the system for this small expansion. 
would be (p,;—dp)dyv, which is equal to p,dv ( the product of infini- 
tesimals dp.dv being negligible). The new pressure is again reduced 
infinitesimally be dp, a little more expansion would occur involving 
work output equal to p'dy. In this way by infinitely large number 
of successive minute steps, the gas would expand from volume, v; 
to v, under quasistatic condition. This indeed is a reversible process. 
Let the едт. pressure of the gas when volume is v, is pg (temp. 
remaining constant throughout). 

The total work done by the gas is the summation of all the 
minute quantities of work, hence 


Vs Vs 


Vs 
WADE. (Pez—dp)dv ez | рехйу = f pdv 
V Vy Vi 


Dex the pressure over the piston varies quasistatically from p; to Pa. 

Since the gas is an ideal one, p = nRT[v, 

[а nRTdy 
y 

147 

The gas being ideal, at const temp., v/v, = рірг 


Ya 
Vy 


w= = nRTIn 


w = nRTIn 2 = nRTIn 2 470.3) 
Ys Pa 


For 1 gm. mole of gas, w = RTIn ie == RTIn д . + (23a) 
1 


This work is necessarily the product of the pressure and the 
volume-change. The volume-change is (v,—v;). Hence the greater the 
magnitude of the pressure, larger will be the work given by the system. 
If the pressure over the piston were made greater than (pi— dp). 

- there would have been no expansion. Hence, if we want to have the 
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expansion as desired, (p,—dp) is the maximum pressure that could 
be applied. So, the work obtained in eqn 2.3 is the maximum. 
If the pressure over the piston were made appreciably less instead’ 
of infinitesimally smaller than p,, the available work would be: 
evidently less than that obtained above (eqn 2.3) and the process: 
would also be more irreversible. We are therefore led to conclude: 
that the work done by the system in the reversible process is the 
maximum and greater than that in the irreversible process. 

Isothermal compression of the gas : We may now attempt а 
compression of the previous expanded gas ‘from volume v, to the: 
volume v, at constant temperature (Т°К). To make the change 
reversible, it would be necessary to increase the external pressure 
in successive stages of infinitesimal quantites. When the pressure 
is made (р, + dp), there would be a small contraction dv, the work 
to be done is (p; + dp) dv e p.dv. This process may be repeated 
slowly and in each stage, work to be done would be рау. The net 
work to be done on the system, 

ГА Yi d 
»- f рё = | пет = nRT In = — nRT In = 
B a y Ys n 


= — пт 2. анта ОЎ 


If the pressure applied for compression, were greater than 
(рь + dp) the work performed on the gas would have been larger 
for the same amount of compression. It is thus seen that the work 
given in eqn (2.4) is the minimum that would have to be done on the: 
system to achieve the specified contraction. It is also observed that 
in isothermal reversible expansion and in isothermal reversible 
compression of a gas, the work involved. would be the same іт 
magnitude but opposite in sign. 

If a complete reversible cycle of expansion and contraction 
is carried out at constant temperature, then the net-work would 
be zero. 


Zw = Werpanion + Weompresson = ПЕТ In 2? +nRTIn 2 = 0 
* 1 2 
or $dw = 0 


This is not only true in the expansion of a gas, but in other 
types of changes as well. Suppose a voltaic cell is used to perform 
electric work, the maximum work would be obtained if currents 
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be drawn in exceedingly small quantities thereby reducing the emf 
in successively small amounts, so that emf remains as high as possible 
while yielding electrical work. We thus see, 

(i) In order to obtain maximum work from a change of a system, 
it must be carried out in a reversible fashion. Conversely, the work 
to be done on the system for a change would be minimum if the change 
be carried out reversibly. 

(ii) The net-work in an isothermal reversible cyclic process is- 
zero. 


The work in a reversible expansion of a gas is greater than the work obtained 
in an irreversible expansion, This can be easily established. Suppose n moles. 
of an ideal gas expands reversibly from pressure Р; to Ps, then the 


Ti 
RT CS [gd io 
n in [1 ( || 
P, 
— nR EMI 
пкт (1 z) 


-innt С 
Р, 


1 


Р, 
reversible work, wr = nRTIn si 
2 


e 
Again, suppose the gas expands irreversibly against the constant external pressure- 
P, (which is the final eqm. pressure). The irreversible work, 
nRT nRT 
nr = P, (Va—-V;) = Р, (mu 
Wir a (Gs 1) 2 P, P, 


Р, Р,—Р, 
Ua BSE y by LE 
пкт (1 2) nRT Р, ) 


Ш 


‚ Wr—Wiy = nRT еа 2 а ppp sho 


2 1 


P,—P,)* 
oe which is a positive quantity. 
14 2 


Hence wr is greater than wir. 


= nRT 


If the system contains one gm. mole of a van der Waals’ (real). 
gas, the work of isothermal expansion would be given by 


Vs Vs 
= RT a 
w= f PdV = | (з= h)a, 


Vi 
: ИИ 00208 
since [ Piece m án] (van der Waals’) 


Va 
ee iy a 22 V,—b [ Td 
v= [ать b)+ 2 = RT In Vi=b +a LY, y 
ХБ (эу 
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Computation of work from: P-V indicator diagram : The varia- 
‘tion of the volume of a system with pressure сап also be represented 
i graphically by the plot of pres- 

; A ‘sure against volume. Pressure is 
т} plotted along the vertical and 
B volume along the horizontal axis 

as in Fig, 2d. Such a representa- 

tion becomes very useful specially 


On, а vo b in the expansion or contraction 
of a gas. 
T LE Imagine a cylinder containing 
QUT S the gas kept parallel to the V- 
р _ axis with its closed end coincid- 
Fig. 2d 


х ing with the point of origin О. 
We may conveniently make the cross-section of the cylinder to 
be unity so that the distance through which the piston moves is 
numerically equal to the amount of volume change. To start with, 
let the piston be at the point x, corresponding to the point ‘a’ in 
the graph, when the pressure is aA. By reversible expansion let 
the piston shift to the point y, corresponding to point b, the pres- 
sure being bB. The curve AB denotes the variation of pressure 


b 
‘during the change. The net work is | PdV апд graphically it 


a 
is the shaded area AabB. Such graphical representation of pressure- 
‘volume variation is called an indicator-diagram or Р-У diagram. 
The net work in a reversible cycle may also be graphically 
‘obtained (Fig 2e). A gas is allowed to expand, not necessarily 
isothermally, say, from a to b as in Fig. (i) yielding the work AabB 


G) Gi) Gii) 
Fig. 2e 


zas shaded. Subsequently the gas is compressed back ‘to original 
-state A by another path, the work performed is given jn the shaded 
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area shown in Fig. (ii). All processes are reversible. If the two . 
graphs be superimposed as in Fig. (iii), the difference of the two . 
shaded areas represents the difference of work in the forward and 
backward changes. Hence in a cyclic process, the enclosed area 
within the indicator diagrams represents the net work. The area 
may be measured by a planimeter. 

]t is obvious in an isobaric process (constant pressure) the 
P-V curve would be a straight line parallel to V-axis. The work 
is given by the shaded area in Fig. 2f. Ап isochoric process is 
given by a line CD (Fig. 2f) parallel to P-axis. No work is involved 
аз ау =O; | 

‘A quasistatic isothermal expansion of a gas is typically repre-' 
sented by ab as in Fig. 2g. The crossed strip in the diagram gives . 


РРР 


4 с V 
Fig. 2g 

the work when a minute expansion dv occurs. The area abcd stands . 

for total work of the reversible isothermal expansion. 

(ii) Vaporisation of a liquid: Consider a system containing a liquid 
in equilibrium with its vapour ata constant temperature and hence 
having constant vapour pressure P in a cylinder 
provided with a frictionless piston, Fig. 2h. If the 
piston is slightly raised at constant temperature, 
immediately a little liquid would vaporise to keep 
the vapour pressure constant. In this way let Vi 
volume of liquid be vaporised to produce V; volume 
of vapour. This process takes place against constant 
pressure P throughout and the net volume-change 
of the system is (Vg — Vt). Then the work per- 
formed is 


W = PAV = P(Y — И) 
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In most cases, Vi is negligible compared to Vg and further if the 
vapour is supposed to obey ideal gas laws then 


W = PV, =P. 51. = RT (for 1 gm. mole). ... (2.7) 


Example. Evaluate the maximum work in the vaporisation of 9 gm of water 
sat its boiling point under 1 atm. 


W = PAV = nRT = 5 x 8314 x 373 = 1.55kj 


ГА 


(iii) Addition of solvent to а solution. If we simply add some solvent 
to a giyen solution, scarcely any work would be obtained and the 
(process is irreversible. But a reversible work may be derived in the 
following way. 


Po Р, 
Po Р, 


EE wat EE solution 
Fig. 2i 


Consider two cylinders with pistons as before, one contain- 
ang pure solvent and the other containing solution, both in equili- 
"brium with the vapour of the solvent (Fig. 2i). Both are at the 
same temperature 7^K. The vapour pressure over the solvent 
is Py and that over the solution P, and it is known P, > P,. Then, 
let Ax gm-moles of pure solvent be vaporised reversibly at the 
same temperature, the work, as in equation (2.7), neglecting volume 
-of the liquid, . 

W, = PoAV = AxRT 

Ax gm-moles of vapour is now separated from the cylinder 

and allowed to undergo reversible expansion until the pressure 


“becomes Py isothermally, The work involved in this process, given 
"by equation 2.3 assuming the vapour as an ideal gas, would be 


W = AXRT 5 
1 
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The vapour is now at pressure P,. It is now introduced in 
the cylinder containing the solution and the piston is gradually 
lowered reversibly until Ax gm-moles of vapour condense into 
‘the solution. The work, being reversible and opposite to that of 
vaporisation, would be 

W, = —P,AV = —AxRT 
‘The net work of addition of Ax gm-moles of solvent to the solution 
äs then 
W = Wt Wt W = ART In 5? 
It is presumed that such small additions of the solvent would not 
materially alter the concentration of the solution, If 1 gm-mole 
of solvent be added to a very large volume of solution, so as to 
amake no appreciable concentration difference, then 
у = RT ln 5 SA оао) 
1 

If instead of рше solvent being added, а concentrated solu- 
tion (concentration су and vapour pressure P;) be diluted with a 
Jess concentrated solution (concentration c, and vapour pressure 
-Pj) it can be shown that net work would be 


W = RT ng ... Q9) 
2 
-Assuming the solutions to be dilute and ideal ones, : 
W = RTin 2 2. (2.10) 
© 


(iv) Isothermal Pressure-rise on a condensed system : A con- 
-densed system, a solid or a liquid, when isothermally subjected 
to high pressure would tend to contract. The work involved is, 
necessarily, f PdV. Since no definite equation of state is known, 
the evaluation is not easy as in the case of gases. But we can proceed 
іп the following way. Since V = /(Р, T), 

then av = (3p ars (Sr) Ат 


У 
At constant temperature, dV = (25) AP 
oP), 


к» Pa (av. 
The work, W = Í Pdy = | Р Gr) dP, 
Bu on T 


1 
‘the pressure on the system being increased from P, to Р,. 


Й 
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Now, the coefficient of compressibility, B = — Y $7) 
T 


Р, Р\ 
We have, thus W = f (—BVP)dP = ev | PdP 
d Pi P, 


= {ВУ [Р-Р] Олі 


The change іп V is so small that it is considered to be con- 
stant, which is particularly true in the case of solids. As such, 
the expression is only an approximate one. 

Since P, > Ру, W is negative, i. e., work is to be done by the- 
surroundings. 

(v) Increase of surface area. ГА liquid has a tendency to. 
expose as minimum as possible of its free surface and as a con- 
sequence, the surface layer is under a tension similar to that of a 
stretched rubber membrane. The force acting perpendicularly 
on a unit length on the surface is called the surface tension and’ 
is denoted. by у. If the surface area S is to be increased, work 
must be done by the surroundings, For any definite increase in 
surface from S, to Sa, the work would be, 


Sa 
w= Bi yds, ол): 
Si 


the work will be in ergs if у is taken in dynes/cm. and surface in: 
cm?, 
(vi) Electrical work. Voltaic cells on completion of the 
circuit, would yield electricity for performance of external work 
and the cells would lose charge dur- 
—J4 i ing the process. The maximum work: 
ii will be obtained if the discharge is effected 
in infinitesimal amounts i.e., against 


4 ^ maximum opposition. This can be realised 
| by connecting the cell against a poten- 
ӨС | tiometer in such a way, that the potential’ 

s differences between the points of contact 
Fig. 2 A and B, is just below the e.m.f. of the- 


cell (Fig. 2j) This arrangement will 
indeed be a very close approximation to a true reversible process in. 
practice. If the p.d. between АВ be increased, electricity will flow in: 


THE FIRST LAW 49 


the opposite direction and charge the cell. The electrical work for 
a minute discharge, when e.m.f. (e) is regarded as a constant, is. 
e. AZ where AZis the quantity of electricity obtained. For a definite 
amount of electricity being discharged : 


w= f ‚++ базу 


Zi 


If e.m.f. be expressed in volts and Z in terms of coulobms, the і 
work available will be in joules. я 

(vii) Work in stretching a wire : If a wire be subjected to a 
tension т so as to cause an extension d! in length, then the work 
performed on it would be E 


w = — f zdl ла) 


The minus sign is used as work is to be done on the system to extend, 
the wire. If т is measured in newtons and length in meters, theni 
the work w would be in joules. d 

(viii) Magnetisation Work. The field-strength H in a magnetic 
field is measured by the force (in dynes) exerted on a unit pole 
placed at the point. The unit is called an oersted, when a pole of 
unit strength placed at the point experiences a force of one dyne. 
This is the intensive factor in magnetisation. 

The magnetisation 7 of a material is the magnetic moment 
per unit volume. The work to increase the magnetisation of а 
given system must be done by the surroundings, and is obtained as 


[^ : 
» = af Hal 21. (2.15) 
MD 


Expressing J in pole.-cm. and Н in oersteds, the work will be 
obtained in units of ergs. 

In all cases, the work is expressed as the product of an intensive. 
quantity (X4), (often called generalised force), and an extensive 
factor (xj), (often called generalised displacement). This is Шиз- 
trated in the next table. ; t V 

4 
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TABLE : DIFFERENT TYPES OF WORK 


Intensive Extensive 

System quantity quantity work = Хх; 

Linear Expansion | Е E 1 w = f Fl 
i w = f Pay 

"Surface fm w = — J yds 
Electric -cell w = — f edz 
wire stretching nes = — [та 
magnetic body и 


24 Calculation of work 


Examples: (1) Eight grams of Helium gas occupying 4 litres at 0°С was 
quasistatically compressed to 1 litre at const-temperature. Assuming that the gas 
behaves ideally, calculate the work done. 


nc 2 moles V; = 1 litre V, = 4 litres 
Va 
. W = nRTIn €^ 28.31 x 273 x 2.303 log (1/4) 
1 
= —63 kj 


The minus sign shows that work has been done on the gas. 
(2) One mole of van der Waals' gas at 27°С was isothermally expanded 
from 2 litres to 20 litres. Calculate W. [Given a = 1.42 x 10'? dynes/cm* per mole? 


and b = 30 cc. per mole.] From eqn. IL4, W = RTI Ӯ ra [2- zx] 
2 1 
20—.03 e] 
r = y ja — 
( = 2.303 x 8.31 x 107 x 300 log га 103+ + 1.42x10 [2-200 ergs 


= 5677 Х10' ergs = 5677 joules 


: (3) For Copper at 0°C, 
the bulk modulus, B = 1.31 x 10° dynes/cm* 
? the coeff. ofexpansion,a = 5 x 10-рег°С 
and density, р = 8.93 gm/c.c. "t 
@ Calculate (@у/9Т)р for the metal. 
(Gi) Calculate the work involved when the pressure on 100 gm of solid. 
copper at const. temperature (0°C) is raised from zero to 100 atmospheres, 
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әү |-5 Jg 
@) We know (7). c EA Sxi = 5x107 E 


Thus, if expansivity coeff. be experimentally determined, we can find out (dv/dT)p, 
which otherwise is difficult to know. 


(ii) From едр. 2.11, W = ЗВу(Р,2—Р,3) 


e EM ГУ P, = 0, and v= т/р, B = 1/B] 


AU 100 x(1.01x108)* _ 1.02108 
zx © 893х131х10" 7 234x195 | 
= 4.36 X 107? joules, 


(4) Calculate the final pressure if at constant volume 50 gm of mercury 
at 1 atm and 0°C be heated slowly to 24°C. Given 


= 18 x 1075 per °C, В = 0.25 x 10" dynes/cm* 
др oy oT 
we know (ар) (әт), (э 
hen oP (z 
75 (5:),- sho = Ор ar)» 


=-(->)ею- aB, 


Now dP = (22 z) a+ (3 55), 4” 


ӘР ; 
At const. volume, dP — (=) dT = aBdT 
or), 


Р, Т» 297 х 
5 J ар = ав] ат = oB dT = аВ]297—273] 
$ т, 7з i 


<. Ру—Р = 24A x aB = 24 x 18 X 10-5 x 0,25 x 103 dynes/cm? 
: = 1080 x 10* dynes/cm* 


-. Py—P; = (1080 x 10*) / (1.01 х 10°) atm. 
== 1070 atm. 


-. Final pressure, Ру = (1070 + 1) = 1071 atm. у 
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5) Show that ( 2% «G - 
CIEN Gs). Tje — 


1 149r 
(b) Since = > (т. 


Гада 89 r1 ay 
i | ОСУ; Gn), + 7 [a (0), 
av (2) + ay 
5), oT d ` TOP 
Amin, B= р (s 
СОБЕ 1360.) 
UNOT/R — ary (5), y |9ТХӘР/т 
ти 
ET ET > “OPIT 
да дү oy 
H = =~) = H =- r ) = 
A (22), + (эт 5 > atop oper ) °” 
for, dV is a perfect differential. 


2.5. Enthalpy 


The pressure and volume of a system are thermodynamic 
parameters ; their product PV is expressed in energy-units. The 
sum of the two energy-terms associated with the system, namely 
the internal energy (U) and the PV-energy, is universally represent- 
ed by Н and is called enthalpy or heat-content of the system. , 


H = U+PV ‚.. (2.16) 

or in the differential form; $ ; 
ан = dU + PdV + VdP ERLT) 

For a change under constant pressure, : кй 
dH = dU + Pav К (2.18) 


Now Uisa state function and P and V ate themselves parameters 
of the state. Hence H will depend upon the parameters of the state 
and must be a state function. dH is thus an exact differential and 
will be independent of the path of the change. 

Again, from the first law, 8q = dU + ôw 


For a process in which the work is only mechanical, 8w will 
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depend upon P and V. Further when the change of the system 
occurs at constant pressure, ôw = PdV 
Hence, we may write 2 
ба› = dU + PdV ЫЗА (239) 
The subscript p is used to indicate the constancy of pressure. 
Comparing equations (2.18) and (2.19), 


dH = $895 ieee (220) 
ог, integrating, AH = ap 22004221) 
Also, AU + РАУ = qp = AH 210 90:22]. 


It shows that the enthalpy is a property of the system and its 
increase is equal to the amount of heat absorbed from the surroun- 
dings at constant pressure. 

Since q and change in volume AV can be easily deterinüed 
experiementally, equation (2.22) would permit the evaluation of 
the internal energy change (AU). : 


2.6. Ideal Gases 


The internal energy (U) of a system is a state function. But 
the nature of its dependence on the parameters of the system, say 
pressure or volume, is not always easy to know. That is, identi- 
fication of (dU/dV) , say, of a system from some measurable 
quantities is often difficult. A Special case however arises for gaseous 
systems, 

In the middle of the last century, Gay Lussac and, later on, 
Joule carried out experiments to find out changes in internal energy 
of a gas. The experiment was simple. As in figute 2k, two 
containers A and B connected ‹ а) 
by a stop cock at the middle 
were taken and kept immersed 
in the water of a thermostat. 
Initially A was filled up with 
the gas and B was evacuated. 
When thermal equilibrium was 
established, the stop cock was 
opened and the gas passed 
into B, The flow continued 
until equilibrium was again He 
reached. Since the gas expanded i Fig, 2k, Joules Expt, on expansion 
against zero pressure, and there of a gas 
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was no change in volume of the system as a whole, no work was 
involved, ôw = 0. Very careful and repeated observations showed 
no change in temperature of the water in the thermostat. Hence 
ôq = 0. Yet the volume of the gas had changed. 

From the first law, we can say that dU = 4—80 = 0. 


‚ (А) 
_ (av QU 
зи ao = (22) ar + (22) ar 
р QU 
Since dT = 0, dU = (| dV = 0, from (A) 
90V], 
өшү 
As dV = 0, АЯ (57), = 0 0.23) 
Nw (ar), = (8), Gr), - 
A oP QU 
Since for a gas x: z 0, hence ш, = 0 . . . (224) 


Subsequently it was found, specially by Joule and Thomson, 
that these relations are not very precise for real gases. For real 
gases (9U/ðV)ris a small but positive quantity. The ideal gases 
would obey the relations mentioned above. 


Tt is also our experience that real gases obey Boyle’s Law only 
approximately. Boyle’s Law is true for ideal gases only, i.e. 


(for ideal gases) (PV)r = k or [#®7] _ 9 
- oP T 
Again, the enthalpy, H = U + PV 
Differentiating with respect to P, Ce). =().* зы “ү 


Since each of the right hand terms, for an ideal gas, is zero, 
OHY 
hence (2), = 0, 
and consequently. ану _ 0 
ХӘР)» 
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Summarizing, the essential conditions for an ideal gas are 


@) (PV)r = constant | 
2 QU 2 
ъё... MES, езш, 2290 
Gn (5v). an : ... 23) 
MIC OH 
and also (2) - (07) —°) 


That is at a given temperature, the internal energy (U) and enthalpy 
(Н) are independent of either volume or pressure of the system. 


2.62. Non-ideal Gases 

In non-ideal gases, the internal energy and enthalpy alter with 
volume even at a constant temperature. The internal pressute is 
a measure of the change in internal energy per unit volume at a 
given temperature. For a van der Waals' gas, 


(dU]dV)r = am], ^ (for п moles of gas) 


2 Va 
du = | = dv, (T, constant) 


n ГА 

4 1 1 

ie. AU 2) San [5s a ... Q26) 
Ya Vy 

Again, Н = U+Py 

ог АН = AU + (Pava — Pwi) 


Ё nRT _ wa 
For а van der Waals’ gas, Р = „су 


1 


Il 


nby, — nbvs kt osa 
AU + nRT {у пи — nb) "5X = | na т 


ly 


1 7 1 drap hep 
а E AE A n db A 


Substituting for AU from eqn. (2.26), 


1 1 QUY 
AH = mort [5 dc zs] = 2av| J 4. ..027) 
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The expression for work of expansion of a van der Waals’ gas 
was given in sec. 2.3. 


Some Numerical Examples 
Example (6). Two moles of benzene (b.pt 80°C) are reversibly converted into 
vapour at its boiling pt. under 1 atm. The latent heat of vaporisation of benzene 
is 400 j/gm. 
Caluclateg, w, AU and AH for the process. 

Now, heat was supplied for vaporisation, hence 
{ і q = 400х78 х2 joules, [М = 78] 
= 62400 j 

Work, (w) is due to expansion at const. Tand P, hence 

w=nRT = 2 x 8.31 x 353j 


; = 5866.86 j 

t AU = q-w and AH = ар 

i = 62400—5866.86 = 624007 
" = 56533.14 j 


Example (7). One mole of Argon behaving ideally was kept under a pressure 
of 5atmat 27°С. The pressure is suddenly released to 1 atm and the gas expanded 
isothermally. Calculateg, w, AU and AH for this process. 

The process is irreversible, the work against a const pressure, 


w = PV,—PV, 


nRT nRT Pj 
{ Р; эъ») marr (1-3 


18,31 x300 (: -i) 


= 2493 x $ ЯШ 1994 joules 
Since the process is isothermal, 6 
AU=0, АН=0 
And “а= AU+ w= 0 + 1994 = 1994 joules 


Example (8). One mole of a gas is allowed to expand isothermally from a volume 
of 1 litre to 20 litres at 27°C. Calculateg, w, AU and AH assuming its behaviour 
as (i) an ideal gas and as a (ii) van der Waals’ gas. 


Given a = 6.0 atm. //mole? and b = 0.5 litres / mole. 
(i) as an ideal gas, D 
w — nRTIn I = 2,303 8,31 300 log R 
1 
У = 7464 j 
‘For isothermal expansion of the ideal gas, AU = 0, AH = 0 
And g = AU+w = 0+ 7464 = 7464 j 


| 
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Gi) Asa van der Waals gas. 


Prom ean, QA EE ата eee (5 1 ] 
»-b Ve Vy 


20—0.5 È 1 
= 0.0 A poets pate) ү, 
0.082 x 300 x 2.303 log 1-05 + 6 50 :] 


= 24.6 x 2.303 x 0.4090— 6 x (19/20) 
= 23.17—5.7 = 17.47 lit-atm. 
H — 1771 joules. 
From eqn. (2.26), 
AU г; —a [==] = —6х (-% = 5.7 lit-atm. 
= 514 joules. 
а = AU+w = 514 + 1771 = 2285 joules. 
From eqn (2.27), for 1 mole, 


1 1 1 1 
= bRT [ =] [ E x] 
ES Ya—b wy—b a Va Y 
19 
0. 


1 1 [ 
05 x вз x 300 x [55 77 | 2х6 x] 


12.57 lit-atm. = 1268 joules. 


Ш 


2.7. Changes in internal energy (U) and) enthalpy (Н) with 
temperature : Heat Capacities K 


Since U = f(V,T), hence 
QU ðU 
ES а eum 
av = (5), er (5), ^ 
From the first law, ôg = dU + dw 
2 


= (37) T+ (57), ® + рі», 


when the work is only mechanical. 
If the system undergoes a change at constant volume, 


ы, = (3r), 7 


v (2) Ur), 
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But (2) is the heat required to increase the temperature of the: 
Е 


system by 1°C at constant volume and is thus the heat capacity (cy) 
of the system at constant volume. If the system contains only one: 
mole, then 


dU — |84 И? 
T), E = Cy (for 1 mole) ... (2.28) 
or dU = Cy dT a ee (2.20) 
Ts 
Hence AU = Cy dT . . (2.30) 
Ti 
Again H = f (P, T) 
0H oH 
or ан = (от), 40+ (ов), 2 
At constant pressure, dHp = 2. dT 


But we know from eqn (2.20), dH» = Sqp 


А а» = (2 2r). dr 
or (4), = e. 


But En is the heat required to raise the temperature of the 
OT | p 


system by 1°C at constant pressure. It is thus the heat-capacity 
at constant pressure. 


(2) = (5 Er Cp (say, for 1 mole) ... (2.31) 


oT P 
or dH = Срат x4 (2:32) 
Ta 
6:08 АН = CpdT су. (233) 
T, 


Тһе rate of enthalpy-change at const. pressure with temperature 
is the heat-capacity at constant pressure. The rate of change in 


THE FIRST LAW 59^ 


internal energy at const. volume with temperature is the heat- 
capacity at constant volume 


Let us take a gm-mole of a perfect gas. Then 


Cre (3), or dU = CydT 
The first Law pir reduces to 


= CydT + PdV 2o. (Xy 
Again D = RT; hence PdV + РАР = Кат 
ie. PdV — RdT — VdP 
Substituting, ôq = Суат + RdT—VdP 
= (Cy + R)dT—VdP A д) 
ag) _ i X 
(3), = Cy+R, ie, Cp=Cy+R 
or Cp—Cy—R „к. 
Hence for a mole of perfect gas, from (x, у and 2) above, 
ште 21. 2.34), 
also ôq = CpdT—VdP 
If a change in the gas takes place adiabatically, ôg = 0, then 
CpdT = VdP 
CydT = —PdV 
у = Cp[Cy = —(VdP)(PdV) 

Uc y 2 L-— o or y log V = —log Р + const. 

or Pw = constant . (2.35) 
2,8. Relation between Cp and Cy. (i) The relation between the two 
specific heats can be easily deduced. 

(a) U = KTV) 

$ Cede 


ӘТ), ST (Sy xl Aw 
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Now сь -cv = ($8 = 97), 
Bon 08, 
=(% t). er), +P (sr 
= a ae ar], | ЖЖ. 237) 


This is applicable generally. 
| For a gm-mole of ideal gas, where ( 59), = 0, 


o-er- 108), «8 


av R 
= жым = Px р <a. (2.38) 
4153 as ( 


t Gi) "The difference of heat-capacities are also expressed in other forms. 


Gl. Pb - Ur), ren 


-Substituting it in eqn. 2.37, 


vH. 00,09. 
-[(9, (8, --(2).] (8, 
-((1,- «109, G, 
BI 
dm с л 


. Again, H = f(P,T) hence dH = (# 2). ar (58 P). dP ` 
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At constant H, . ie. AH = 0, using cyclic гше 


ar) ~~ (ат), (8), 


Substituting this in eqn. 2.39, we get 
o-er- [r 0 GE), се 


(iii) It will be seen later that the rate of change of temperature with pressure at 
constant enthalpy (AH — 0), iscalled Joule-Thomson effect and is denoted by p. 


РЯ (37 
f= ЭР E 
Hence, equation 2.40, can also be expressed as, 
5 ӘР А 
Cp — OV ERE UCR (бт), „a. QAI). 


remembering Cp = (@H/OT)p 


Variation of heat-capacities of gases with temperature : It is observed that 
Cp and Cy-values of, gases change with temperature. From classical thermo- 
dynamics alone, we cannot derive any correlation between the heat-capacity 
and temperature, 

From experimental measurements, some empirical relations haye been 
developed between the temperature and heat-capacity of gases. Usually both. 
Cp and Cy increase with temperature. The commonly used relations аге, 


Cp = atbT+cT?+.... 
oo. 242) 


where a, b and с. etc. are con- 
stants. 


And Cy = at b,T, 


‚.. (243) 
such that E eee 
dCy Qus Я Н most 
AT aah dup Fig. 2i. Heat-capacities at 
-> . (2.44) const. pressure, 


In the table below are given the heat-capacities of some common gases and! 
vapours, : { 
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TABLE: HEAT CAPACITIES OF DIFFERENT GASES AT CONSTANT 
PRESSURE IN THE TEMPERATURE RANGE 300°—1500°K 


_———S M 


Substance a bx10* cx10 
Ha 6.95 0.19 4.8 
O, 6.15 3.1 —9.23 
Nz 6.52 1.25 —0.01 
н.о 7.25 2.29 +2,83 
‘CO; 6.21 А 10.4 EX 
CH, 3.38 18.0 —43.0 
С.Н, 2.24 38.2 —110.4 
CHo —0.41 77.6 —264.3 


Example. (9) Calculate the amount of heat required to raise the temperature 
of a mole of nitrogen from 127°C to 327°C, the molar heat capacity of the gas 
is governed by the relation 


Ср = 6.5--1.4 х107°Т — 0.09 x 107*T* 


600 
Heat required,g = f CpdT = fi (6.5+1.4x 107?T — 0.09 x 10*7*)aT 
400 
600 
[6.5T+0.7 x 10-?7?—0.03 х 10°T* ],оо 
6.5% 200+ 0.7 x 10-*(600?—400*) — 0.03 x 10-*(600° — 400°) 
1431.5 calories. 

The heat-capacities of solids and liquids are generally given on unit-mass 
"basis and are called specific heats. In these cases, Cp and Cy are not distinguished 
-as pressure has very little influence on the specific heats of solids and liquids. 

The temperature has some minor effect on the specific heats of solids and liquids, 


2.9. Variation of enthalpy-change (ЛН) and internal energy-change 
(AU) with temperature. Kirchhoff’s Equation. 


If a system undergoes a change from a given state to another 
given state, both the internal energy and heat-content would alter. 
“We may write 
Uy — О; = AU 
Hy —H irme AH 
"the suffixes f and i denote final and initial states. 
Differentiating these with respect to temperature, at constant 
"volume for the former and at constant pressure for the latter, we 


fhave, 
(лор гәсд - [айл _ s 
oT 12 (52), rjv |— Сис = АС, 
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[888], = PA) ара 245-6. = 


aT jp LOT J; 


Jaan = [аст 


and faam = f ACpdT 
Integrating between the limits 7° and 0? K we find, 


T 
AU— AU, = f ACydT 
б 


т 
AH— AH, = Í ACpdT 
ò 
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АС» 


‚ (2.45) 


. (2.46) 


These relations are termed Kirchhoff’s equations which enable . 
‘us to find out the variations of internal energy-changes or heat- 
"content changes with temperature, from thermal data. The 
relations would apply to all changes, physical or chemical. It is 
necessary to remember that A Cy and ACp are the differences 
-of the heat-capacities of the system at the final and initial states. 

Most of the physical and chemical changes are often carried 
out under constant pressure and equation (2.46) is commonly 


employed. We see by applying equation (2.42). 


T cT 
AHr— ДН, = J ACpdT = J (Ce,—Cp a 
: 0 


0 


T 
= f (а; + by T+ с Т... —ai—b:T—c:T? . . .)dT 
0 


I 


T 
[ [ @—as) + (6;—6)Т + (с,—с)Т%+.. 
0 


ll 


T 
[eters ort... ar 
0 


= ar + PT. беи 


"where a = ay—ay, В = b;—bi, etc. 


„Мг 


. (2.46а) 


‚ (2.47) 


<f, by . .. and ai Б{ etc are known from experiments. 
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Example (10). Calculate the latent heat of fusion of ice at —20°C if that at 


0°C is 1440 cals. per mole, the specific heat of ice being 8.7 per mole 
By Kirchhoff’s equation, 


253 
L_20°¢ = АН-2ос = АН + J ACpdT 


Loc = A H+ Е ACpdT 


Loec—L_20°c 


is acer = [^ 


— (18—8.7) (273—253) — 186 
L 2c = Loc-186 = 1440—186 = 


{Ср —Cp] ат 
1 б 


1254 calories рег mole 


Example (11). The heat of formation of ammonia from its elements is 
11030 calories per mole at 27°С. What will be the value of the heat of forma- 
tion at 1000°C? Given 


C = 6 8x 10-3T—7. -* 
"euo T 62 + 18x10 7—72x10 T: 
Cp = 6.94 — 02х10-%Т. 

(H3) 


Cp = 6.45 + 1.4x10°T 
(Na) 
The reaction is, }Na + 3H» = NHs; (AH; = —11030 cal) 
T 
By equation (Ш.19), AHr— AH, = | ACpdT 


0 
-[' [95 ^ mo ^ 4CP VT 


= 6.2 + 1,8 x 102T—12 x 10-7? 
CED 1041-03 x 107 

= .41—0.3 х 
deg, 1 


3.225 + 0.7 x 10?T 
(Na) 
ACp = 


—17.435 + 7.4 x 107T—7 х 107*7* 


T 
АНт = АЊ + J (—7435 + 7.4 x 10-°T—7.2 х 10°T*)dT 


= AH,—1435T + 3.7 х 107?—24 x 107° 
n AHr = 


AH,—1.435T' + 3.7 x 10°T?—2.4 x 10°T* 
So ЛН = АН = —7.435(1273—300) + 3.7 х 10-5(1273*—300°) 


—2.4 х 10-* x (1273—3002) 
= —1091 cal : , 


no AHins = АИНзф—1091 = —11030—1091 = 


—12121 calories. 


THE FIRST LAW 2 - 65 


Example (12). Calculate the enthalpy Of vaporisation of SO, at —25°C if the 
same at its boiling pt. (—10°C) be 5950 cal/mole. Given for SOs, ©, = 20 
cal/mole and Ср = 9,3 cal/mole. 


ig i 
We know, ДАТ = AHr:+ f " NCpdT ^ 
Ts 


248 
"n AHus = АНаз + { (9.3—20.6) dT 
abs 
= 5950 + 169.5 = 6119.5 cal/mole 


2.10. Adiabatic Processes 


An adiabatic change, by definition, is one which does not allow 
any transfer of heat; i.e., q = 0. It follows from the Ist Law, 


AU = —w, 
or differentially, dU — —dw 


If only mechanical work of expansion or contraction is involved, 
dw — PdV. Moreovet, dU — CydT. 


€,dT = | —PdV 


For a system of 1 mole of an ideal gas, expanding adiabatically 
from temp. T, to T, and volume V; to Уз, we have 


car = — Еау 
Ta Va 
or f az- | nf; 20549. 
Ti Vi te 
+ T, Vo _ y, 
Integrating, С, hy = — Кіп Y Rly 


or тт + =n (Yi) un (и) ; Г. R= Ср Су] 


where y = the heat-capacity ratio Cp/Cy. 


Hence, T3 = TS = constant 

le; TV? = constant „.. (2.49) 
РИ 

Substituting T by t Re = Wet = constant К 

Le; PV» = R X constant = constant 


5 
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Similarly, TV» 


т (27) = constant 


or T” Pt- = constant/R» = constant 
Therefore, in adiabatic mechanical change of an ideal gas; 
PV” = constant; T*P!— = constant 
and  TV*- = constant i. (2:808 
For the adiabatic expansion of an ideal gas, РУУ = К' 
Also we know for isothermal expansion of the same, РУ — K 
The slope of the P-V curve will be obtained from = 


abati ; ИРАК. Р 
Adiabatic chang; P = К']УУ; we yal- Ил ¥ 77 


к. ар Kon P 
ipa ae о А 

In both the changes the slope is 
negative. Since y is greater than unity, 
the slope in the adiabatic P-V curve 
will be steeper than that in the isother- 
mal one [Fig. 2m]. 


Isothermal change; P — 


For a similar adiabatic change with a 
real (van der Waals' gas) we have 


dU — —Pdy 
or СТ = CESAR 
y—b 
TR RT 
since Р & 7р 
2 T, —R V.—b 
| Integrating, m xc SE 
1 
us Ta K V, —b \ RIC 
Т, Va—b 


or TW)! = constant, ie. T(V—b)Y-* = constant. 


| Putting Т = P(V—B)/R. we have PO) (V—by- = RXconst 
or JP(V—by = constant. 
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Adiabatic Work. We have seen that in the adiabatic process, 
waa = —AU 


ог waa = —CyAT = СТТ) = СУ(Т,—7Т,) 
MESS (I b] 
where T;, Т, are initial and final temperatutes. 
For 1 mole of gas, Т = PV/R, hence adiabatic work, 


T. 
Waa = Cy м Р) == © (P\Vi—P2V2) 
EAP VA PVA i 
=. RECIO 


where P,, V, are the initial and Ps, V, the final pressures and volumes. 
The equation 2.52, may be rewritten as, à 


Р Говар Rol (5 оси 
wa = ВВЕ af B) Joes 


Example 13 : A sample of a gas initially at 27°C is compressed from 40 
litres to 4 litres adiabatically and reversibly. Calculate the final temperature 
(Cy = 5 cal/mole). 


Assuming ideal behaviour, Cp = Cy +2 = 7 cal/mole 


Moy = СС» = 7/5 
T (2 yet 
1f T be the final temp., then 300 44 ) 
or = 300x(10)/53, whence T = 753.6°K 


Helium expanded reversibly and adiabatically 


Example 14 : Ten liters of 
The final volume is 25 litres. Calculate the 


from 10 atm to 1 atmosphere. 
adiabatic work. 


Р.Р. ПА 10x10—25x1 — 113.6 litre-atmospheres. 


Wad — ae 
Ex 1.66—1 
: (уне = 1.66) 


gas (Cy = 3 cal/mole) was initially at 0°C 


Example 15 : 1000 litres of а i 
Yum it undergoes adiabatic expansion 


and 10 atm. Calculate the work when 
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(i) reversibly till the final pressure is 1 atm. 
(ii) irreversibly against a constant pressure of 1 atm. 
PiVi _ 10x1000 


ое Б D ERTI LT. 082X273 


= 446 moles and у = 5/3 —1.66 


ЖЫЙ Йй Pit 
(i) The final volume V; = ( н) y. Vi = (10)/5x1000 = 3981 litres 


PiV4—PfV; 

y-1 
_ 10x 1000—1 x3981 
т; 1.66—1 


` +, adiabatic reversible work = 


= 9105 litre-atmospheres 
= 923.15 kj 
(ii) In the irreversibleprocess, let the final volume be V' and temperature Т” 


So adiabatic work, w = РКИ’ И) = P; nRT’ - 52) 
Py Pi 
КУ E [7 E i = nRXx1(T'—27.3) 
But this work w = —AU XS 
= —nCedT = $nR(T;—T') = 4nRQ73—T") 
2 4nRQ73—T') = nRX1(T’—27.3), 
whence dum 07504 
5 w = gnR(T(—T') = $x446x.081x(273—175) 


= 2120 litre-atmospheres & 215 kj 


Example 16: 100 gm of nitrogen gas initially at 25°C and 10 atm, expands 
adiabatically against constant pressure of one atmosphere. Assume the gas to be 
ideal and its heat capacity Ср = 6.96 cal/mole, Calculate the final temperature, 
and AUand AH. 


Given 100 gm № = 100/28 = 25/7 gm moles, and 
Ср = 6.96,i.e.,Cy = 4.96, as the gas is ideal 
The initial pressure, P, = 10 atm.; initial temp. = 298°K, and hence the 
initial volume 
Y= S = = х S = 8.67 litres 
+ Le., initial volume per gm mole, v, = 2.44 litres. 


^ The final (constant) pressure Р, = 1 atm. 
Let the final temperature be T, and the volume V; 
‘Suppose also that final volume per mole = va 


THE FIRST LAW 69 


Then in adiabatic expansion of 1 gm-mole of the gas against constant pressure 
Р, (= 1 atm), we have | 


CydT = —Pd» = —P(v— v) = P(v— v) 


or 4.96 (Ta—T,) = 1(2.44— о) x 24.2 cal 
[ 1 lit. atm. — 242 cal ] 


Pw, _ Риз v. Pw 10x244 _ 244 


Арай Se Soe = te ee 
gain T, Тт Pm 298 298 
‚„ _ 24 
or aie 298 2 
ИГ 244 
Substituting, 4.96 (298) = (244 – == T | 242 
whence T, = 222°K 


4.4 
u= 222 х 222 per mole 


298 { 
The final volume of the given sample, V; = 2 х рос = 64.3 litres 
Now AU = —nCydT 
25 


=- 77496 (298—222) = —1346 cal 


And AH = AU+ APV) = AU- (Р,Й,—Р,У) 
= —1346 + (1 x 643—10 x 8.67) x 24.2 
= —1888 cal 


2-11. Determination of y 


The value of; has been determined in various ways. А few of these methods 
are mentioned below: PEN 

(а) Lummer and Pringsheim and, later on, Partington used the adiabatic 
P-V-T relations (eqn. 250) for determining Cp/Cy i.e., у. 

A 100 litre copper globe provided with a stop-cock and a manometer was 
filled with a gas at pressure P, somewhat greater than the atmospheric pressure Р. 
A Very sensitive resistance thermometer was inserted in the globe to record the 
temperature. The stop-cock is opened for a short while and there is an instant- 
aneous adiabatic expansion of the gas. The pressure inside falls to P and let the 
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temperature drop from Т, to T (Fig 2а) Then assuming the gas behaving ideally, 
for a gm mole of gas, 


Py = PVY 


where V4, V are initial and final molar volumes. 


Denim On РТ, 
QD XR IE RI 
Ey 
2) =P 
Hence, P, ( Y 
s (sy - 
Sor E PET 
In (22 1 Чы 
SUE oe pir Р, 
Fig 2n : Determination of y _ In P—InP, 


œ Y Tim Р/Р, Т/Т, 


Thus the value of could be ascertained from the measurements of pressures 
and temperatures before and after the change. 


(b) The isothermal bulk modulus (B) commonly called isothermal elasticity 
has been defined as В = —v (@P/dv)z. 


If (OP/8v) be measured under adiabatic conditions then the value would be 
different. As such, the adiabatic elasticity has been defined as Bs = —v(OP/O»)s 


For an isothermal process, PV = K, hence (25) = – is 
Д VIr V 
he oP P 
For an adiabatic process, PVY = K, hence [;—| = — у 
ЕТА ГА 
Р yP 
Bis = = Р; = — = 
Непсе V. y Р; and Bs = V. 7 yP. 
š By __ 
Bie y 


Hence knowledge of isothermal and adiabatic elasticities would enable the 
determination of у. 


f 
| 
| 
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(c) From the velocity of sound. The velocity of sound (C)in a gas of density 
(d) and pressure P is given by the relation 


дР 
C= AS. 
у (2 5 
да Е 3 и 
у = C? (==>) , where у is the heat-capacity ratio. 
OP! r 


In a real (Berthelot) gas, it is known that 


a = Мыл ЫН a 
RTRT, 128 ТР, T: 
"M Р 6T 2 
Е) 
с 


The velocity of sound (С) is measured by any standard method, say, by Kundt's 
tube or Dixon pipe. The standard values of critical constants of the gas are 
used to evaluate y. 


2.12. Steady-flow of Fluids 

Inthe modern age of engines, jets and rockets, the flow-processes 
of fluids through mechanical devices have acquired greatimportance. 
The basic thermodynamic criteria in such flow-processes of fluids 
may be considered here. 

Fluids are often allowed to flow at a steady rate through mecha- 
nical devices to perform work. In such processes, the fluids usually 
absorb heat from the 
surroundings at a steady 
rate and then yield work 
also at a steady rate. 

The fluid, usually enters Om 
the system at an eleva- > 
tion, say z, from a stan- 

dard level, at a pressure ^ —À——————————— — — — 

P, and comes out at Fig. 20 

pressure P, at an eleva- f 

tion z,. Let W be the work done by it to the surroundings, often 


called by engineers as shaft-work, and Q be the heat taken in, 
when mass m of the fluid steadily passes through the system. Let 
V, and V, be the volume of the mass т at pressures P, and P, res- 
pectively. Let also the velocity of the fluid at the entrance be x, 


and at the exit хь (Fig. 20). 


P2 
Wy 
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Then the total work performed by the fluid in the process 
= W + PB, 
The energy associated with the system are as follows: 


(1) Potential energy: at the entrance, = mgz, 
7 at the exit, = тел 
(2) Kinetic energy : at the entrance, = imx, 

at the exit, = mx? 
(3) Internal energy : at the entrance, = mU, 
at the exit, = mu, 


The net energy-change is then, 

AE = mU,—mU, + 4mx2—nx2 + mgz,—mgz, 
Normally in evaluating energy-changes in thermodynamic sys- 
tems, potential and kinetic energies are considered as external 
and not taken into consideration. But in the flow of the system, 
part of these energies may be involved in the work out-put. 
Applying the first law, 

Q = m[U,— Uirix— pu tgz gz] + W--P.V,—P,V, 
Dividing both sides by m, we can write 

q = o + [Uz + Pava + 3x? + 82,—U,—Pyv,—4x;?—8z;] 
Where o, v, vs, q, 01, О» refer to unit mass. 
we [Us + Pava + 1s + 82]—[©, + Piv, + А? ezl q—o 
This is the general equation of the flow of a fluid. 
In the process of steady flow of a fluid which would neither allow 
heat-transfer nor perform work, we have 

Us + Pava + рх? + gza = U, + Pivi + x2 + gz, 

or h+ 4x2 + gz = constant 

(Л is the enthalpy per unit mass.) 

If the fluid is incompressible, dV = 0, and in adiabatic flow, q = 0, 
hence from the first law, dU = 0, Le,U, =. 

Therefore, in the Steady adiabatic flow of an incompressible 
бша Putte + ez — 0 

This is called Bernoulli's equation. 


@ If the fluid is passed through fine orifice or apertures or a porous plug, 
often called the throttle, no shaft work is done and no heat transference 
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takes place, In such a horizontal flow, Н, = Ho, the condition is isoen- 
thalpic as we see in Joule-Thomson experiment. 

(ii) In the case of a turbine, maximum work is derived with minimum waste 
of kinetic energy and the process is adiabatic. In such a horizontal flow 
of the fluid, H53—H, = w. i 

(iii) In the case of a nozzle, the speed of the moving fluid changes con- 
siderably due to the change in the cross-sectional area of the flow. No 
external work and no heat transfer occur. Here, in horizontal 
adiabatic flow, 


НН, = $ (mx—mx*,) 
If the initial velocity x, is small, we may say, 


х = —2АНт 


2-13. Determination of Electron Affinity : Born-Haber Cycle 


An interesting application of the first law of thermodynamics 
made in the determination of the electron affinity, The electron 
affinity is a measure of the energy-change occurring when an electron 
is absorbed, such as Cl-+ e = Cl-. This has been rendered possible 
by carrying out an isothermal cyclic process, known as the Born- 
Haber Cycle. 

To illustrate the cyclic process let us start with crystals of 
sodium chloride, The cycle may begin with a mole of NaCl (crystals) 
which would be converted into gaseous Na* and Cl-ions. These 
ions would then be converted into their atoms, which would reunite 
to form solid NaCl and the cycle would be completed. The cyclic 
process may be schematically represented as 


om d 
NaCl (6) — —— — ———Na*(9) + Cle) 
= -I 
= +A 
—— 
| —Hs o. 
ich +  Na(9— Na (в) 
| 
—4D 
DX ig THEM Ci(g) 
where = lattice energy I = ionisation potential of Na 
n = heat of sublimation of Ма 4 = electron affinity of chlorine 


D = heatofdissociationofCl, О = heat of formation of NaCl 
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Starting with a gm-mole of NaCl crystal, the process consists. 
of converting it into gaseous Na* and Cl- ions and subsequently 
reuniting the ions to produce back the solid NaCl. The steps in 
the complete cycle are as follows : 


Energy change 
(heat absorbed is positive, - 
Processes heat given out negative) E 


(a) One gm-mole NaCl is converted into Na*(g) 

and Cl-(g) ions, absorbing lattice energy 

NaCl(s)--Na*(g) + Cl-(g) Фм 
(b) Ап electron is taken out from Cl- ion and the 

same is accepted by Na* ion 

Nat + e>Na ZI 

Cl- —e>Cl A 
(c) Chlorine atoms are converted into chlorine 

molecules, giving out heat of dissociation (D) 


CI —> 1Cl —iD 
(d) Sodium atoms are condensed to the solid state 
Na(g) ^ Na(s) —Hs 


(e) Chlorine is allowed to react with solid sodium atom 
producing the original substance, evolving heat 
of reaction 
Na(s) + 3Cl,-- NaCl(s) =Q 


For the isothermal complete reversible cycle, net energy-change 
is nil. Hence 
Фм —I1+4A—4D—Hs—Q = 0 
or electron affinity, 4 = I+4D + Hs+0-ġm ... (i) 
The quantities Q, Hs, Гапа D ate directly measurable, sometimes 


from spectroscopic data. The lattice enetgy, фм, is usually com- 
puted with the help of the equation, 


du = feed (1-2) 


Where 4m is the Madelung constant ; ro = едт. interionic 
distance; ‘a’ is a constant. 


Thus all the quantities on the right-hand side of eqn. (i) is 
known, and hence the electron affinity (А) is evaluated. From the 
data for sodium chloride, the electron affinity of chlorine is 


4 — Qc Hs 1D I -gu 
= 98 + 26 + 458) + 118 — 184 = 87 kcal 
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Problems 


1. Explain clearly what is meant by ‘internal energy’. For each of the following: 


processes, fill in the blank spaces : 


Process d w U, 0, AU 
(i) —10 65 —20 
(ii) 15 —10 20 
(iii) 25 —10 —10 


ААА ——-—-__—_-_— 


2. A simple closed system suffers а quasistatic cyclic process of three steps.. 
Fill in the missing data in the table below : 


с — Є  _——-_—— 


Process q w AU 
1~2 0 50 
2—3 0 —40 

3~1 —30 


И 


3. A current of 1.00 ampere was passed through а coil having a resistance of” 
4 ohms for 5 minutes. The weight of the coil was 2.00 gm and heat-capacity 
0.1 cal per gm per °C. It was immersed in 50 gm water in a container whose 
water-equivalent was 4.8 gm. The rise in temp of the system due to passage: 
of current was 5.22?C. Find the thermal equivalent of the electric energy. 

Ans, 1 cal = 4.18 joules. 

3.(a) An amount of work is required to reduce the volume of an ideal gas. 
quasistatically and isothermally at 200°C. At what temperature will the- 
same amount of work reduce isothermally the volume to a quarter of the- 
same initial volume? Ans. 236.5°K. 

4. Calculate the work involved in the following reversible processes : 

(i) 5 moles of an ideal gas are heated at constant pressure from 0°C to 100°C” 
(ii) One mole of water is heated from 0°C to 100°C at a constant pressure- 
of 1 atm. [pss = 0.99984, руз = 0.95834 gm/c.c.] / 
(iii) At N. T. P., 45 gm ice melt into water. The decrease in volume 
1.48 cc/mole 
(iv) One gm-atom of zinc dissolves at the anode of a Daniell cell, emf = 
1.1 volt. 
(y) 5gm CaCO, decomposes at 327°C 
Ans, (i) 4.158 kj (ii) 7.85 х10-* lit-atm (iii) —3.7 x 107? lit-atm. 
(iv) 212 kj (у) 2.52 kj A 

5. (i) 100 gm argon behaving ideally expands from 10 atm to 0.1 atm at- 

10°C. Calculate the heat absorbed. 
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(ii) What amount of heat will be needed to heat 200 gm NO from 27°C to 
227°C at constant pressure. 
Cp = 7.0 + T.1 X107 7—1.9 x 10-*7* cal/mole. 
NO 


Ans. (i) 8580 cal (ii) 8670 cal 


'6. A system undergoes a certain change by path I when the heat absorbed and 
work done are 10 Kcal and 0 ergs respectively. For the same change in 
state by path П, the respective quantities are 11 Kcal and 0.5 wax, where 
Wmax represents the work done if the change were reversibly carried out. 
Find the magnitude of wmax. (С.О. 1974) Ans. Wmax = 8.4joules 


VT. “Tha restoring force, f, of a stretched rubber strip is given by 


L Lo a 
= CT) —— |— 
£7 e| z-(z) 
Where L is the length and Т is the temperature of the strip. C is a constant 
and Lo is the length under zero force. The work dw = — fdL. 


Show that the work attending the isothermal stretching of a piece of. 
rubber from Lo to L will be 


w = —3(CLoT) (=) uz 25e 5] 


8. Compute the maximum work when the pressure on 10 gm hydrogen is 
reduced isothermally at 0°С from 20 atm to 1 atm. Ans. 33.96 kj 


9. Two litres of CO, (behaving ideally) at 0°C and 5 atm are expanded isother- 
mally until the pressure is one atmosphere. Calculate w, q, AU and AH. 
Also’find out the values if the process were adiabatic (y = 1.3). 
Ans. w = q = 16.08 lit-atm. wa = 10.3 lit-atm. 
10. The molar heat of vaporisation of H,O (/)-- H:O (g) is 9700 cal at 100°C. 
The molar volumes of liquid and vapour are 18 с.с. and 30.2 litres at 100°C 
and 1 atm. Evaluate AU per mole at 100°C and 1 atm. Ans. 37.695 kj 
Evaluate A U at 500°K for the process 
Mg (s) + 2НСІ (g) = MgCl, (s) + Hy (g); AH = —109 Kcal 
The volume-change of solids to be ignored. Ans. AU = — 108 Kcal 
One mole of TNT, [CH;.C,H; (NO,)3], on explosion produces three moles 
of CO and two moles of No. 
In a constant-volume calorimeter, when 0.1135 gm TNT were exploded at 
27°C, the heat evolved was 410 calories. Calculate AU and AH when 1 
mole TNT explodes at 27°C. ^ Ans. AU = —820 Kcal; AH = —817 Kcal 
13. An airplane weighing 63000 Ke flies up from sea-level to a height of 8000 
metres. Its engine, run with pure normal octane(CsHjs), has a 30% efficiency- 
Calculate the fuel cost of the flight if octane sells at Rs. 3/- per litre. Given : 
density of octane = 0.705 gm/c.c. ; the heat of combustion of octane = 
1300 Kcal/mole, (g = 981). Ans. Rs. 1464/- 
14. Calculate the minimum work to be done when one mole of N;, a van der 
Waals' gas, is isothermally compressed from 10 litres to 1 litre at 127°С 
[а = 1.39 atm-lit?/mole*, b = 0.039 litre/mole]. Ans. —8.091 ki 


H 


12. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 
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5.6 gm of Nitrogen (Cp = i R) at 27°C is adiabatically compressed from. 
10 to 5 litres, Calculate the final temperature and also the work done on. 
the gas. Ans. 92.7°C, —1.38 kj. 
A real gas obeys the relation PV = RT + a/V where а = 3.6 atm-lit?/ 
mole?, Calculate the work done when one mole expands from 0.224 litres. 
to 224 litres at 127°C. Ans. 16.94 kj 
The pressure of a gas is given by P = 20/V, where P is in atmospheres апа: 
V in litres. If the gas expands from 5 to 50 litres and undergoes an increase 
in internal energy by 200 cal, how much heat will be absorbed during the- 
process? Ans. 1323.4 cal. 
The equation of state for NO is given by P(V—nb) — nRT, where b = 
40 c.c./mole. Calculate thc maximum work when 7.5 gm of the gas expands 
isothermally at 47°С from 5 to 25 litres. Ans. 10.697 kj 
A mole of an ideal gas (Cy = 8.0 cal) was initially at 0°C and 10 atm. The 
external pressure is suddenly reduced to 1 atm and the gas expands adiabati- 
cally against this pressure. What is the final temperature? final volume? 
Ans. 218°K, 17.9 litres- 


In an adiabatic change for an ideal gas, show that 


(а) Cp log TT, = R log Р.Р, 
(b) the work done in an adiabatic expansion. 


у-1 
ар (| 
y-1 Pi 

(а) One mole of He at 27°C and 1 atm is adiabatically reversibly compressed’ 

to a final pressure of 10 atm, Evaluate the final temperature and also- 

find out w, AH and AU. íi 
(b) The same gas is compressed adiabatically against a constant pressure- 

of 10 atm, the final pressure is 10 atm. Evaluate again the final tem- 

perature and the values of w, AH and AU. 

Ans. (а) T = 756°K, AH = 2280 cal, w = —AU = —1368 cal 

(b Т = 1380°K, AH = 5400 cal, w = —AU = —3240 cal 

Calculate the enthalpy of vaporisation of SO, at 25°Cif the same at its b. pt. 
(—10°C) be 5950 cal/mole. Given the molar heat capacities Cpu) = 20.6 cal/ 
mole, Су = 9.3 cal/mole Ans. 6119.5 cal 
For the reaction CO + 30. = COs; AH = —67650 cal at 25°С. Find 
out AH of the process at 100°C. Given molar heat capacities, Cp(co) = 6.97, 
“Сщсоу = 897, Cp(os) = 7-0- Ans. —67762.5 cal 
A. gas is suspected to be Neon or Nitrogen. When a given sample of the 
gas at 25°С expanded adiabatically from 5 litres to 6 litres, the temperature 
came down to 4°С. What was the gas? Ans. Nitrogen 
At 290°K, 15 cubic metre gas was compressed adiabatically from 1 atm to: 
6.5 atm. Calcualte final temperature and volume and also the work of 


compression in kilogram. (У = 1.2). ; 
‘Ans, T = 396°К., V = 3.15 m, W = —283700 Кет. 
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Solution : For reversible process : 


. Ten cu. ft. of air at 14.7 Ib per sq. in. and 15°С are compressed «Чак 
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One litre of air (у = 1.4) at 15°C expanded adiabatically until the volum 
was doubled, The original pressure was one atmosphere. What are 
final pressure and temperature and what work have been done? 

Ans. Т = —54.78'C, P = 0.38 atm, W = 61.36 x 107 ergs. 


Show that 
(dà) din V = adT—fdP 


0] (=), = Cp—aPV 


© (> „= 25-р 


perature is raised to 35°С. If a = 2.07 x 10-* per degree and 8 = 4.5 105% 
-per atm, show that the pressure developed will be 46 atm. 


cally to 3 cu. ft. Calculate final temp. and pressure. (у = 14) 
Ans, 194°C, 79.5 Ib рег sq. in, 
One pound of air at 178.9°C expands adiabatically to three times its original 
volume when temp. falls to 15.6°С. The work done during expansion 18 
38410 ft.-Ib. [/ = 1400 ft.-Ib (°С)]. Calcualte the two specific heats. 1 
Ans. C, = 0.168, C, = 0.2355 — 
If carbon monoxide at 270°F flows steadily in a tube at a velocity of 50 ft/sec 
at one point, what will be its temperature at another point where the velocity. 
is 1200 ft/sec. The tube is horizontal and insulated, No shaft work is involved. rr 
Given C, = 7 Btu/Ib-mole (°F). Ans. 155°R © 
Estimate the work involved when 1 mole of an ideal gas at 25°C changes _ 
its pressure adiabatically and reversibly from 1.0 atm to 5.0 atm. [Cp (ай) 
= 7 cal/mole]. Ans, —3.64 kj 
The initial pressure and volume of an ideal gas аге Pi = 75 psia,v, = 5% Ж 
On changing, the pressure and volume are ра = 25 psia, va = 9.68 ft®, There _ 
is a decrease of 62 Btu in enthalpy during the change. Calculate the change 
in internal energy and C,. [given С, = 0.75 Btu/Ib^R.] 
25 х9.68 x 144—175 х5 х144 — 
778 : 


[Hints: AH = AUX(V,—P,V) = AU+ 


whence AU = —37.4 Btu 
Again C/C, = AH/AU = —62/—37.4] 
One mole of an ideal gas at 27°C and 5 atm expands adiabatically under | 


(i) reversible and (ii) irreversible conditions. Compute q, w, AU and AH in 
each case, (Given С, = 3/2. R) 


q=0 à 
Ta = T(P,P.)FlC? = 300(4)"* pe 158°К. 
AU = — w = G,(%—-T,) = $x8.314x(158—300) = —1.77 kj 
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AH = С,(Т-Т) = (5/2) x8.314(158—300) = — 2.952 kj 
(b) For irreversible process : Я 
Wirr = —AU, (since д = 0) 
= РИИ) 


RT, RT, Р, 
Р, ( Dd RT, pi RT, 


P. 
But —AU = C,(-T) = КТ, = —RT 


1 


Ps 
Gt (2) R 


or Т» = T. С, 
3/2.R+4R 
I = aalit d 
n the present case, 7; — 300 5/2 R 204°К. 
а = 0; AU = С,(1,—Т) = $фхКх(204—300) = — 1.197 kj 
w = —AU; АН = CQ(5—7)) = §xRXx(204—300) = —1.995 kj 


135. Helium behaves as a perfect monatomic gas and its internal energy at 2°K 
is zero. One litre of this gas is taken at 2°K and 0,025 atm. 
(i) The gasis heated to 252°K at const. volume. Calculate the heat absorbed 
and the internal energy of the gas. 
(ii) The gas is then expanded adiabatically until the temp. is 2°K. Find the 
work involved and the internal energy. 
(iii) Next the gas is compressed isothermally till the original volume is 
reached. Calculate the work to be done. 
Ans, (i) q = AU = 1144 cal. (ii) 480.48j (ii) —18.55j 
:36. Liquid air boils at —182°C. Assuming air (Cp = $R) to behave ideally, 
what should be the initial pressure of air at 0°С if its reversible adiabatic 
expansion to a pressure of 1 atm cools it to its boiling pt? — Ans, 46.8 atm 
:37. An electron is accelerated through a potential difference of 200 volts. It 
then enters into а magnetic field of 20 oersteds perpendicular to its path. 
What is the radius of its circular path when in this field? Ans. 7.5 cm 


:38. Show that the rate of cooling of dry atmosphere with altitude will be 


A = ETA Me the process being adiabatic. 
Y 


CHAPTER 3 


THERMAL CHANGES IN CHEMICAL 
PROCESSES 


All chemical reactions are accompanied with thermal changes. 
The reactions in which heat escapes from the system to the surroun- 
dings are called exothermic, while the chemical reactions in which 
heat is absorbed by the system from the Surroundings are endo- 
thermic. The heat-change ôg is not an exact differential, as its 
magnitude depends on the way the change is carried out. 

When the chemical process is carried out at a constant pressure 
(which is quite usual), the heat-change is denoted by qp. If the 
chemical process occurs at constant volume, the heat-change is 
denoted by gv. Following the usual thermodynamic concept when 
heat escapes from the system, 4 is negative ; and when heat is 
absorbed by the system g is positive, The magnitudes of gp and qv 
‘May not be the same for the same chemical process. For example, 

At 1000°K, MgCO, = MgO--CO,; gp = 26000 cal, дь = 24000 cal 

We know, qp = AH and до = AU. It is the usual custom 
to express the heat-changes on the right-hand side of the chemical 
equation in terms of AH and AU. Thus, 


() Ne + 3Hs = 2NH; ; AH = —22.08 Kcal 
Exothermic; (ii) НСІ + NaOH = NaCi+H.O; AH = —13.40 Kcal 
: Gii) Ha + Cl, = 2НС1; AH = —22.1 Кса1 
x (D. Ni + О, = 2NO ; AH = + 42,0 Kcal 
‘Endothermic: (i) 2C + Hy = C,H, ; AH = + 542 Kcal 
T (ii) CO, = CO + 40, ; AH = + 67.6 Kcal 


The thermal-changes are usually expressed in units of calorie or joule. 
3-1. qy and qv : We know, 
dp = AH, = AUp + PAV 
Where AV is the change in volume of the System in the chemical: 
process at constant pressure. 
Also, qv = AU; 
Hence, dp — qv = AU, — AU, + PAV 
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In systems of ideal gases, at constant temperature AU is inde- 
pendent of pressure or volume i.e. Аб» = AU». In other chemi- 
cal reactions, these differ only very slightly and the difference between’ 


Аб» and AU, is considered negligible compared to other heat 
effects. So, 


Ip = qot+ PAV SEMAN EE OS 
In a gaseous reaction if n, and n, denote number of resultant 


and reactant molecules, then PAV = Рат) 57 = AnRT 


4 Ip = qo + АЕТ ate (3.2) 


In computing An of a reaction only the gaseous substances 
involved in the chemical process ate to be considered ; the liquid. 
or solid participants are to be ignored. 


Example : (1) For the decomposition of MgCOs, at 1000°K and 1 atm, 
МЕСО, = MgO + CO, ; ар = 26000 cal 
Find the heat-change at constant volume. 
Here An = 1, since MgO and MgCO, are solids and their volumes are- 
negligible for our purpose. 
^. Gv = qp— AnRT = 26000—(1) (2) (1000) = 24000 cal 


Example : (2) The heat of combustion of liquid toluene to carbon dioxide: 
and liquid water at const. volume is —928.8 Kcal at 500°К. Find Qp. 
C,H; + 90, = 7СО, + 4H,0 
liq — gas gas liq 
Here An = 7—9 = —2 
^ 4р = qo + AnRT = —928.8 + (—2) (2x10) (500) Kcal 
= —930.8 Kcal 


The heat-changes in chemical reactions also depend upon the 
Physical state of the reactants and resultants. Toindicate the physi- 
cal states; gas, liquid and solid states are represented by g, / and s 
on the side of their formulae. For instance ; 

2C,H«() + 150.(g) = 12CO,.(g) + 6Н;О@) ; AH = —781 kcal 
2C,H,(g) + 150.(g) = 12CO,.(g) + 6Н.0(0 ; AH = —776 
2CsHi(g) + 150,8) = 12C0,(g) + 6H,O(g) ; AH = —718 

In the same way, the heats of burning of diamond and graphite 

to CO, are diffrent. When the reactions occur in solution, the heats 


of reaction depend to some extent on the conc. of the solutions. In 
very dilute solutions, the heats of reaction attain a constant value. 


6 
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Such solutions will not undergo any heat-change on further dilution. 
To express such a state of dilution, the symbol (aq) is often written 
on the side of the component concerned for aqueous systems. 
HSO, (aq) + 2NaOH (aq) = Na,SO, (aq) + 2H,0; 
AH = — 27.2 kcal 


3.2. The laws of thermochemistry 


The thermal changes in chemical processes are governed by 
two general principles, both of which are, of course, corollaries 
of the First Law. 

А. Law of Lavoisier and Laplace. This law states that the 
heat-change accompanying a chemical process in one direction is 
equal in magnitude but opposite in sign, to that accompanying the 
same reaction in the reverse direction. That is, heat evolved when 
‘water is formed from hydrogen and oxygen is exactly equal to the 
heat absorbed in the decomposition of water into the elements. 

Нуе) + 40, (2) = H,0(); AH = —68300 cal 

H,0 (0 = Н, (8) + 10«(): AH = +68300 cal 

It is obvious from the first Law. Suppose two reactants A and 
В change first into C and D with heat evolution qı. Subsequently 
© and D react to produce back А and B with heat absorbed qə. 
It is a complete cycle and the enthalpy (Н) and internal energy (U) 
of A and B will attain their initial values. 

ГОЗАН =0, o 44-0 

Hence, 91 = —4s 
ie. the heat-changes in the two opposite directions would be equal 
in magnitude but opposite in sign. 

B. Hess’s Law of Constant Heat Summation. This law states 
that for a given chemical process, the net heat-change (qp от qv) will 
be the same whether the process occurs in one or in several stages. 

To illustrate, carbon and oxygen can give directly carbon 
dioxide, or these can first form carbon monoxide which may then 
be oxidised to carbon dioxide. The net heat-changes in either case 
will be the same. 


@ С+О, = CO; qp = —94.05 Kcal 
©) C+40,= CO; 4'p = —2642 Kcal 
CO + 10, = COs; 4''р = —61.63 Kcal 


с+0„ = CO, It is seen, gp = d'P-- qp 


i i i pee 
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In accordance with the First Law, if the initial and final states 
be fixed, the change in the heat-content or energy-content of a 
system ie, ДН» and AU, would be independent of the path, 
Hence qp and дь will be independent of the path, ie., heat-change 
of a reaction will be the same whether the reaction takes place in 
a single step or in several steps. 

One singular advantage of this Principle is that we can add or 
subtract the heat-changes in the Process, as we have seen in the 
example of carbon dioxide formation just now. In other words, the 
thermochemical equations may be treated algebraically. Some 
examples are given below: 


Example : (3) The heats of oxidation of magnesium and iron are given : 

(а) Mg+ 30, = Mgo; АН = —145700 cal 

(b) 2Fe + #0, = Fe,0,; AH = —193500 cal 
‘Calculate the heat produced in the reaction : 3Mg + FeO, = 3MgO + 2Fe 

Multiplying (а) by 3, , 


(с) 3Mg + $0, = 3MgO; AH — —3x145700 cal 
and reversing (b), 
(d) ҒеО, = 2Fe + 304; AH = + 193500 cal 


Adding (c) and (d), 3Mg + Fej0, = 3MgO + 2Fe; AH = —243600 cal 


Example : (4) 52.5 kcal and 172.5 kcal heats are evolved when lead is 
oxidised to litharge (PbO) and red lead (РЬ,О,) respectively, What would be 
the thermal-change in oxidising litharge to red lead? 


(а) Pb+40, = PbO; AH = —52.5 Kcal 
(b) 3Pb + 20, = Pb,0, ; AH = —172.5 Kcal 

From (а), (c) 3PbO = 3Pb + 30. ; AH = +52.5x3 = 157,5 Kcal 
Adding (b) and (c), ЗРЬО + jO, = РЬ;0,; AH = Gee 


Example : (5) The heats produced in the oxidation of cane sugar, carbon 
and hydrogen are given as 

(à CiHaOi + 1204) = 12C0,(g) + 11H00); AH = —1350 Kea! 

(0) C+ Og) = СО); AH = —94.05 Kcal 

(с) Н, + 40, = HOM; AH = ~68.3 Kcal 
Calculate the heat produced if the canesugar were produced directly from the 
elements, 

We can rewrite (a) as 

(d) 12CO,(g) + 11H,0() = СНО. + 120,; AH = +1350 Kezi 

Multiply (6) by 12 and (c) by 11 and add (d), : 

120, = y = 12(—94:05) + 11(—68.2 
12C + 11H, +220, = СНО; z р aC Deen ра 
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Hence, by applying Hess’s law we can compute the heat of a reaction 
in the formation of a compound though the elements would not 
directly combine to produce the compound. 

These examples clearly illustrate the utility of the law of heat 
summation. 

The heat of reaction at constant pressure, др, is really the 
enthalpy-change of the process and obviously it is the difference 
between the enthalpies of products and reactants. 

qp = AH = Н —H "ee ЕЕ). 
products reactants 

The heat-changes involved in different transformations have 
been given different names depending upon the mature of the 
processes, such as heat of formation, heat of combustion, heat of 
dilution, etc. Below are appended the meanings of some commonly 
used terms: 


3.3. Heat of formation 


It is defined as the amount of heat-change that occurs when 
a gm-molecule of the substance is formed from the constituent 
elements. In the production of a mole of water from hydrogen and 
oxygen 68.3 kilo-calories of heat are evolved. Hence, the heat of 
formation of water is —68.3 Kcal. 

Symbolically, Н, + 10, = HO; AHy = —68.3 Kcal 
Thus ‘—94050 calories is the heat of formation of carbon dioxide” 
means that when, 1 gm-mol of CO, is obtained from carbon and 
oxygen, the heat evolved would be 94059 calories. 

If heat is evolved during the formation of the compound 
from its elements, the compound is an exothermic one. On the 
other hand, if heat is absorbed in the formation of a compound, 
as in nitric oxide, the compound is called, endothermic. Examples : 


(а) N2) + Hae) = МН); AH; = —11030 cal 
(b) +90) + iCh(g) = HCKg); AH = —57790 cal 
(с) Нуе) + Ls) = 2HI(g);. AH = +11900 cal 
(d) С) + 25(5) = CS(g; ЛИН? = + 25400 cal 
The subscript ‘f’ denotes formation of the compound from the elements. 


Now AH is the difference of enthalpies of products and reactants. 
Suppose the elements А and В unite to form a compound С. 
AFB C 
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The heat of formation of C, from equation (3.3), 
AH = Hc — H4 — Нв 
The enthalpy of a substance depends upon pressure and tem- 
perature. The standard temperature for thermo-chemical measure- - 
ments has been chosen as 298°K and pressure 1 atm. The standard 
enthalpy is H° ; the superscript “о” indicating standard state. We 
can then write, 
AH = H'c — H4 — Н°в 
In order to measure AH, it is necessary to assign some definite 
value for the enthalpies of reactants and products. It has been 
decided to assign the value zero for enthalpy of every element at 
298°K and 1 atm. When an element occurs in different modifications, 
the most stable allotrope is given the value zero. Thus, at 1 atm 
and 298°K, carbon (graphite), sulphur (rhombic), nitrogen, oxygen, 


magnesium, copper, . . . all have zero enthalpy. 
Hence, АН = H'c— H*,— Н°р = Hc ; 
(> H°4 = Н°» =0) 
ГАН = He ++ - G4) 


That is, the standard enthalpy of a compound = its standard heat 
of formation. 

Then, for any reaction, A-HB-C-D, 

AF’ reaction = H^c + Н°р — H°4 — Н°в 
= Alo + АН%ру – AH pa) — ЛН°дву 

or AH reaction = У AH riproducts) — E /\Н°уүгеасатз) + - - (3.5) 
The heat of a reaction can be computed from the heats of formation 
of the participants. 

Example : (6) When liquid benzene burns in oxygen producing CO,(g) 


and liquid water, the heat evolved is —781 Kcal per mole, The heats of formation 
of CO,(g) and H,O() are —94.05 and —68.3 Kcal respectively. Calculate the 


heat of formation of liquid benzene. 
Given 2C,H,() + 150,(g) = 12CO,(g) + 6H,0(D; AH = —2х781 Kcal 


АНУ 5325 0 (—12 х94.05) (—6х 68.3) 
where x is the heat of formation of CsH,(/). 
<< AHreaction = AHfcos + АНдн,оу—2Х 
or —2х781 —12х94.05 — 6х68.3 — 2x 
whence ca 12.3 Kcal. 


1 
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The result is somewhat higher than the standard value, as the computation 
involves the difference of two large heat-effects. 

This illustrates that heat of formation can be evaluated from some heats 
of combustion. 


Example ; (7) The heats of formation of carbon dioxide from diamond 
and graphite are —94500 cal and —94050 cal respectively. Find out the enthalpy- 
change in the transition of diamond to graphite. 


Саа + О, = CO; AH, = —94500 cal 
Cora + О, = СО»; AH, = —94050 cal 
Subtracting Саа = Са; AH® = —450 cal. 


Thus, the enthalpy-change of transition can be evaluated from heats of formation. 


Example : (8) For the reaction, 
CO + NO = IN; + СО,; AH" = —374 Ы 
Find out the heat of formation of CO, if AH"(wo) = +90.2 kJ and 
Aco.) = —394 kJ 


Now, AH? = EAH'gu,) + AH"jco,) — ДНдсо) — ^H"rwo) 
or —374 = }х0 + (—394) — (90.2) — AH^«co) 
or AH"«co) = — 110.2 kJ 


A few standard heats of formation have been assembled in the 
"Table here. 


TABLE : STANDARD HEATS OF FORMATION AT 25°С IN KCAL/MOLE 
—————————————— 


Substance AH, Substance АН” 

H0 (g) — 57.79 №,0 (s) — 99.4 
н,о (I) 'o— 68.32 CuO (s) — 37.10 
НСІ (а) — 22.06 PbO (s) — 52.5 
HBr (g) — 683 ZnO (s) — 83.17 
HI (g) + 633 A10; (s) —399.09 
N:O (в) + 19.49 CaO (s) —151.90 
NO (g) + 21.6 NaCl (s) — 98.23 
CO (g) = 2642 KCI (5) —104.17 
CO, (g) — 94.05 CH, (9) — 17.89 
SO, (g) — 70.9 C.H, (g) — 20.24 
NH; (g) — 11.04 C.H, (g) + 12.50 
HNO; (I) — 414 C.H, (в) + 54.19 
H:S (2) к= у, CH, @) + 11.70 
NaOH (s) CH,OH (1) — 57.02 


KOH (s) C.HSOH (1) 
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3.4. Heat of Combustion 


The heat-change accompanying the complete combustion of 
a gm-mole of the substance at a given temperature under normal 


pressure is called its heat of combustion. 


In estimating heat of combustion, the substance must be allowed 
to be oxidised to its final state. In the case of organic compounds, 
complete combustion is regarded to have taken place when these 
are transformed finally into CO, and H,O. A few data for heats 


of combustion are given below: 


TABLE : HEATS OF COMBUSTION AT 25°C IN KCAL 


Compounds AH Compounds AH 

Methane — 212.8 Methanol (7) — 173.6 
Ethane — 372.8 Ethanol (I) — 326.7 
Ethylene — 3312 Cane sugar (5) —1349.0 
Acetylene — 310.6 Phenol (5) — 732.0 
Benzene (Г) — 780.9 Aniline (I) — 812,0 
Naphthalene (s) —1228.2 Benzoic acid (х) — 17714 


The heat of combustion is usually determined in a 
le of withstanding high pressure 


and is fitted with pressure-tight 


internally enamelled with platinum and capab! 
(Fig. 3a). It has a capacity of about 400 c.c. 
screw-cap. A weighed sample is placed in a cup 
inside and the bomb is filled with oxygen at 25-30 
atm, The bomb is kept immersed in water in a 
calorimeter. When the system acquires a constant 
temp Ту, the reaction is initiated by passing a small 
. electric current through the thin pt-wire dipped in 
the sample. The reaction produces a large amount 
of heat and the temperature-rise is accurately de- 
termined, In a separate control experiment, the 
products plus calorimeter are raised from 7;° to 
T»? by electric heating, and the amount of electric 
energy used, Eit is measured in the usual way. 
Evidently this energy (Eit) is equivalent to the 
heat produced during combustion. Remembering 
that the reaction occurred at constant volume, 


qv = —Eit 


The experimentally determined heats of com- 
bustion are quite useful in evaluation of heats of 
formation or heats of other reactions. 


*bomb-calorimeter" 
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Fig. 3a 
‘Bomb calorimeter” 
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Example : (9) Calculate the heat of formation of ammonia, The heats of 
combustion of ammonia and hydrogen are —90.6 and —68.3 Kcal respectively. 


Given (1). 2NH; + $0. = №. +3H,O; AH = —2 x 90.6 = —181.2 


Q) Н, +40, = H.O; АН = —68.3 
or (3) ЗН, 4- #0, = 3H,0; АН = —3 х 683 
Subtracting (3) from (1) and re-arranging 
j 2NH, = Nz + 3H; AH = —181.2+3 x 68.3 = +23.7 
4e, (4 Na+ 3H, = 2NH;; AH = —23.7 


Hence, heat of formation of ammonia, AHy = —11.8 Kcal 


Example : (10) The heat of combustion of ethyl alcohol is 325100 calories 
and that of acctic acid is 209500 calories. Calculate the heat evolved in the 
reaction, C;H;OH + О, = CH,COOH + H,O. 

‘Given (1) СНОН +30, = 2СО,++3Н.О; AH = —325100 cal 
(2) CH,COOH + 20, 2С0, + 2H,0; AH = —209500 cal 

Subtracting (2) from (1) ; CjH,OH + О, = CH,COOH + НО; AH = 

—115600 cal. The heat of reaction is thus obtained from heats of combustion. 


Ш 


3.5. Heat of neutralisation 


There are also thermal changes when ionic reactions occur 
in solution. For example, when silver nitrate and sodium bromide 
solutions ate brought together, solid AgBr is formed, with evolution 
of heat. Assuming complete dissociation for salts, we have, 


(Ag*+NOs ag + (Na*--Br-)ag = (Nat-+NO;-)ag + AgBr(s) 
ог Ав'а@+ Вг-ад = AgBr(); AH = —3.6 Kcal 
Obviously, if solid AgBr dissolves in water 3.6 Kcal heat will be 
absorbed per mole. 

Expetiments have shown that the heat of neutralisation of any 

sttong acid by a strong alkali is practically the same, e.g., 

HNO, + NaOH = NaNO, + H,O, AH = —13.7 Kcal 

4H,SO, + NaOH = 4Na,SO, + H,0, AH = —13.6 Kcal 

НСІ + KOH = KCI + H:O, AH = —13.4 Kcal etc. 

Evidently, the same chemical change is taking in every such neutra- 
lisation process. The reaction is 


HE МОЛ» + Nat + OH- = Nat + NO,- + H,O 
ї.е., H+ + OH- = HO 
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‘Since the strong acids, alkalis and the salts are all completely disso- 
ciated in solution, neutralisation means formation of water from 
H+ and. ОН- ions and the heat of this neutralisation reaction is 


— 13.4 Keal approx. { 
When a weak acid or a weak base is neutralised the heat of 


reaction is observed to be much less. For example, 

HBO, + NaOH — NaBO, + H,0; AH = —10.0 Kcal 

НСІ + NHOH -- NH,CI + ЊО; АН = —12.3 Kcal 
‘Being weak, complete dissociation does not take place, the reactions 
occur as follows : 


НВО, — Н+ + BO," ; AHa = ? (heat of dissociation) 
Ht + OH” > H;O ; AH = —134 Kcal 
Adding, HBO, + OH- = H,O + BO; AH’ = AHa+ (—13.4) 
Experimentally HBO, + OH- = H,O + BO; AH’ = —10.0 Kcal 


—10 = AHg — 13.4, or AHa = 3.4 Kcal 
It means 3.4 Kcal heat has been used up in dissociating НВО. 


The heats of electrolytic reactions also enable us to obtain an 
idea of the relative enthalpies of the formation of ions in dilute 
aqueous solutions from the elements in their standard states. 

We-know, (i) Ha(g) + 40,(¢) = HOO; AH = —68.3 Keal 
Gi) HOM = Hi + ОН; AH = 4134 Kcal 

Adding (iii) Ha(g) + 00) = H'*(ag) + OH" (ag) ; 
AH = —549 Kcal 

The enthalpy of elements is zero, hence, the heat of reaction 
‘obtained in (iii) is the sum of the enthalpies of formation of two 

lions. Heat of formation of an individual ion is not obtained. But 
difference of heats of formation of two ions can be obtained. Thus, 
+Ну(а) + Brae) = Над) + Br-(ag), AH = —28.90 Kcal 
As()--iBr(g = Ag*(ag) + Br-(ag), AH = —3.6 Keal 

Subtracting, AH/(As*)ag—A HAH) aq = —3,6—(—28.9) = 25.3 Kcal 

In this way, difference in AHy of many pairs of ions can be 
obtained. To get a definite value for the enthalpy of formation 
of an ion, it has been accepted, by convention, to put zero enthalpy 
for H'*(ag). So, we see, j 

AHy (OHag = —549 Keal, AHy(As*)ag = +25.3 Keal 
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A Table of the enthalpies of different ions in aqueous solution 
is given here. 


TABLE: ENTHALPIES OF FORMATION OF IONS IN DILUTE 
` AQUEOUS. SOLUTION (298°K) IN KCAL/MOLE 


lon AH; fon. AHy Ion. AH; Ion. AH; 

H* 0 Арт +2531  OH- —549 T. — 134 
Nat —57.3 Zn** —3643  Cl- —40.0 NO," — 494 
Kt  —60.04 Cutt +1539  Br-  —289 SO.- —2170 


Thesc values enable us to evaluate the heat-changes of ionic reactions in 
solution. For the reaction in the Daniell cell. 
Zn(s) + Cu** = Cu(s) + Zn** 
AH;- 0  AHyCu*) 0 AHy(Zn**) 
AHreaction = 0 + (—36.43) — 0 — (15:39); (from the table) 
= —51.82 Kcal 


3.6. Heats of solution and dilution 


The amount of heat released or absorbed when a solute dissolves 
ina solvent is called the heat of solution. For quantitative expression, 
the heat-change associated with the dissolution of 1 gm mole of 
solute is called the integral heat of solution (AH). But this thermal 
change also depends upon the number of moles of the solvent (7). 
Thus, if л» represents the moles of solute, then 


AH = Ут, n) 
= оос P) a (иан) а 


Putting АН, for (722) and AH; for (220) , we have 
пз 2 ny 


ФАН) = Анат + AR,dn, (8:19) 
ТАН, means the change in the heat of solution when 1 mole of 
solvent is added to a quantity of solution which is very latge and the 
addition of solvent scarcely affects the concentration. Likewise, 
AA, represents the heat of solution when 1 mole of solute is added. 
under the same conditions, AH, is called differential heat of solution. 
It is also known as ‘partial molal heat of solution’. 
In the table below are shown the changes in heat effects per 
mole of solute when dissolved in different quantities of solvent, 
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TABLE: INTEGRAL HEATS OF SOLUTION (298°K) IN CALORIES 
PER MOLE OF SOLUTE (SOLVENT WATER) 


Solute : КС! Solute : H,SO, 

Moles H:O(m) AH (cal) | Moles Н.О (л) AH (cal) 
0 0 0.10 "= 900 

12 +3786 0.25 — 1970 

50 +4276 0.67 — 4900 

100 +4391 1,00 6750 

150 +4425 1.50 — 8630 

200 +4449. 4.00 —13000 

ос +4450 oo —20000 


carr MEDIEN EE ELA LLL RITE 
Evidently one mole of KCI dissolved in 12 moles of water and in 
200 moles of water will cause different heat-change. If AW is 
plotted against m, the giaph ultimately becomes parallel to the 
conc”-axis at high values of , i.e. when the solution becomes very 
dilute, the heat-change attains a constant value, called the heat of 
solution at infinite dilution (Fig. 35). { 
Since the heat of solution varies with concentration the addition 
of a quantity of solvent to a given solution of fairly high concentra- 
tion would involve a thermal change. The net heat-change associated. 


44 a 
a 42 
Мао 
x 
93: 
0 500 1000 7°Ңз0 


Fig, 3b. Variation of Heat of solution of KCI with dilution 


with the dilution of a solution containing 1 mole of solute from a. 
concentration C; to a concentration C» is called the integral heat 
of dilution. These integral heats of dilution are evidently: the- 
differences of the heats of solution at the corresponding concen-- 
trations. 


Thus KCl (s) + 509,0 
and KCI (s) + 1009.0 


KCI(50H,O) — 4276 cal 
KCK(100H,O) — 4391 cal 


V 
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By subtraction, KCl (50H,O) + 50H,0 = KCI (100H,0)—115 cal F 
d.e., in diluting KC! (50H,O) to half its concentration another 115 calories _ 
of heat would be absorbed. 


AH; (eqn. 3.5) is the rate of change of heat of dilution with | 
concentration and it varies with concentration. AH, is hence called 3 
the ‘differential heat of dilution’ or partial molal heat of dilution. 


x 5023 
-x moles of water, the heat disengaged is given by Qy = ~ + The heat ® 


| х + 21.24 
“of solution of CuCl, in 600 moles of water is 11080 calories. Find out the heat ^ 
of solution of anhydrous CuCl, in 10 moles of water. What heat would be ~ 
-evolved if a solution CuCl, + 600H,O be infinitely diluted? Ь 
We have (а) CuCl, 10Н,0 + 590H,O = CuCl, 600H,0; К, 
AH, = —0у = —4850 cal 
x x 5023 590 x 5023 
: Ov = ад 7 390p 2024 ~ “80 cal 
"But (Б) CuCl, + 600H,O = CuCl, 600H,0; AH, = —11080 cal 
‘Subtracting, CuCl, + 10H,0 = CuCl, 10H,0; AH = —11080+4850 
= —6230 cal 
^. Heat of solution of CuCl, in 10 moles of water = —6230 cal 


pagan if x Sw eee Se LO = 5023 cal 


х+2124 
Then CuCl, 10H,0--590H,O = CuCl, 600Н,0; АН, = —4850 cal 
and CuCl, 10H,0 + aq (=) = CuCl, (aq); ДН, = —5023 cal 
y CuCL, 600H,O + аа = CuCl, (aq; ЛН,- ЛН, = — 173 cal: 


she., Evolved heat for infinite dilution = 173 cal 


:3-7. Influence of temperature on heat of reaction 


The heat of reaction (AH) varies with temperature and this 
variation is governed by the Kirchhoff's equation (Sec. 2-9.) 


(240) 


Integrating Ar, — AHr, 


ss АС» = XC, prosucis — Xp reactants 


Ts T; 
T 2Co products dT. = | ZC reactants dT. 25:13: 
Ty T; 
Hence a knowledge of the heat of reaction at T, and the heat capa- 
scities of the reactants and resultants would enable the evaluation 
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of the heat of reaction at some other temperature Т. This has been 
illustrated in examples (10, 11, 12) in sec. 2-9. 


3.8. Influence of pressure on the heat of reaction 


i It would be easier to follow the effect of pressure on heat of reactions by- 
anticipating a thermodynamic relation for the rate of change of enthalpy with 


pressure, namely, 


(57 TO v2.5, 


Consequently, [252 | = AV— [200 (3:8). 
T P 


where AH = heat of reaction ; and AV — volume-change of the reaction: 


at constant pressure P. 
1 {av av 
Now, coefficient of expansion: а = -p =), or aV = ps ; 


Where suffixes 1, 2 are for reactants and products. 


ИСА) 
лею = (92), 
~. Integrating eqn. 3.8. , at а given temperature 7, 
Ps 
AHp, — AHp, = [ [AV — TA(sV)] dP 2 093) 
Р, 


This is the required relation. 


д з Я 
For reactions involving ideal gases only, P i is zero, as enthalpies. 


of ideal gases are independent of pressure. The equation (3.9) can be utilised” 
only when necessary equations of state are known. 


3.9. Maximum Flame Temperature 

When gaseous fuels burn producing flames, large amounts. 
of heat are evolved. If the transfer of this heat to the surroundings 
or dissipation is small and ignored, the process may be regarded 
as an adiabatic one at constant pressure. The entire heat produced. 
from the chemical reaction is utilised instantly in raising the tempera- 
ture of the gaseous products in the flame-zone. The initial tem- 
perature of the fuel gas and the oxidant (often air) is known. If we: 
also know the heat of. reaction as well as the composition and heat- 
capacities of the resultant gases, it would be quite simple to find out 
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the high temperature to which these gases would be raised in the 
flame, Since no heat has been allowed to dissipate, the calculated 
temperature would be the maximum for the flame. It is necessary 
to remember, that not only the gaseous products of reaction would 
be heated but any inert gas (say nitrogen) present in the system 
would also be heated. This may be illustrated with an example. 


Example : (12) What maximum temperature can be reached by the complete 
“combustion of methane with 20% excess air? The initial temperature of air 
-and methane entering the burner is 25°C. Assume the standard heat of combus- 
tion of methane as —200 Kcal and air to contain О, : Na = 1 : 4 ratio. 


CH, + 20, = CO, + 2H,0 ; AH = —200.000 cal 


‚ Air introduced (20% excess) contained 2.4 mole Oz, 9.6 moles Nz. The composi- 
tion of the product would be CO, 1 mole, H,O(g) 2 moles, Оз 0.4 moles, 
Na 9.6 moles. 

Since the heat of reaction is wholly used in raising the temp. of the products, 
isay to £°C, then 


[2€5,0) + Су(со„) + 0.4 Соу) + 9.6 Cj.) ] (t — 25) = —200.000 


To solve, it would be convenient if we make a trial with an estimated temperature, 
“say 2000°C. Substituting the Cp-values at 2000°C from the standard Ср vst 
‘curves for these gases (Fig 3c), we have, 


13,5 
13 
СО, 
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*- Fig 3c, Plot of heat capacities (Cp) versus temperature 
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[2 x 10.4 + 1 х 13.1 +04 x 84+ 9.6 x 8.0] (—25) = 200.000 
whence t = 1780°C 


Evidently t will have a magnitude less than 2000°С. 1 
In the next trial let us assume the temp. to be 1800^C, then from the graph, 


[2 x 10.3 - 1 X 12.95 + 0.4 х 8.3 + 9.6 x 8.0] (t — 25) = 200,000 
р whence £t = 1805°C 
^. The maximum temp. of the flame would be approximatey 1800°C, 


Example : (13) Air contains oxygen and nitrogen in theratio 1 : 4. Agm-mole 
-of H, at 25°C mixed with air just sufficient for its combustion is exploded in a 
-constant-volume bomb, What is the temperature attained? Given heat of com- 
bustion of hydrogen, AHays = —.57.8 Kcal. and С,(Н„О, в) = 5.7 cal/mole, 
С, g) = 4.98 cal/mole. 

Before reaction, gas mixture consists of Н, = 1 mole, О, = 3 mole and 
thence № = 2 moles. 

Now, Нуе) + #06) = H;O(9) An 

AH = AU+ AnRT 
+, —57800 = AU—4 X 2 х 298, or AU = —57502 cal 
"This energy is supposed to have heated the product one mole of H,O(g) and 
2, moles of N, (unreacted). 
T. T 

5.7 dT + f 2 х 4.98 dT 
298 298 
= [5.7 + 2x 4.98] [Т—298] 


or T e 3900°К. 


The answer is approximate, for, the change is reversible and hence unreacted 
Н, O, will remain to some extent. Some heat will certainly radiate out. And 
“Cy values are not constant throughout the temp-range. 


li 


Se 


ї 


57502 


3-10. Bond Energy and Bond Dissociation Energy 


The heat of reaction of all chemical changes can be evaluated 
provided the heats of formation of hundreds of thousands of 
«compounds are kaown (eqn 3-5), which is a formidable task. An 
alternative technique to ascertain the heats of reaction can be 
profitably employed by using what is known as the ‘bond energy’. 
But for this purpose, it would be necessary to consider the structure 
of molecules, thereby overstepping the strict boundaries of classical 
thermodynamics. i 
The amount of energy required to separate an atom by breaking 
its bond or link with another atom in a given compound is called 
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the ‘bond-dissociation energy’ (qp) of that bond. This bond-dissocia-- 


tion energy depends on the nature of the atoms united by the bond 
as well as the nature of the molecule as a whole, i.e. environment 
of the bond. To wit, the dissociation energy of separating a H-atom 


from water by breaking one O—H bond is 118 kcal (or 494 kj) 


per mole. 
H.O + H+ OH; qp = + 118 Kcal 


But when the second H-atom is separated from the residual O—H. 
gtoup, the dissociation energy is less ; 


O—H--H-O0; дь = +103 Keal 


On the other hand, the average value of the dissociation energies 
of a given bond in a series of different dissociating species is called 
*bond-energy' (qa) of that bond. 

So, the bond-energy of the О — Н bond will be the average 
of qp and q'5 obtained above. 


OH bond-energy = #14 _ U8 + 108 


= 110.5 kcal/mole 
Experimentally, — H,O(g) = H,(g) + $0,(g) ; 
АҢ = 110 kcal/mole 
Let us take another example as that of methane. The successive: 


separation of a H-atom from methane per mole in the gaseous: 


state are as follows : 


dissociation energy mol 


(i) CH, > СН, +H; qı = 435 kj 
Gi) CH, — CH, +H; J = 444 kj 
(iii) CH, + CH+H; 9з = 444 kj 
(y) CH + C+H; qa = 339 kj 


The bond-energy (C—H) = 44р = 1x1662 
== 415.5 kj/mole (99kcal/mole) 
The ldetecifination of bond-dissociation energy is often difficult, Some- 


accurate values have been estimated from mass spectrometry and ultraviolet 
spectroscopy. 
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The AH-value for the complete breakdown of methane into carbon and 
4 hydrogen atoms has been computed in the following way: 


AH (Keal) 
(i) CH,(g) + 20.(¢) = CO,(g) + 2Н:0(0), —212.8 
(ii) СО) = Суг + O(g) --94.05 
(iii) 2H,0() = 2Н.(#) + Ое) +136.64 
(v) 29(8) = 4H(8) +208.38 
(0) Cor = Clg) +171.29 
CH,(g) = Cor + 4H(9) AH = 397.6 kcal 


<. Bond-energy (C—H) = $ x 397.6 = 99.4 Kcal/mole 


This conforms to the calculated value given above. 
Some of the bond-energy values are given in the table here. 


a — 


Bond energy at 298°K per mole 


Bond ав (Kcal/mole) Bond ав (Kcal/mole) 
H-H 104.2 с-н 98.7 
C-C 82.6 N-H 93.4 
с=с 145.8 о-н 110.6 
C=C 199.6 E —H 135 
0-0 35.0 а-н '103.1 
0-0 119.1 5 -н 83 
мем 39.0 Br— H 87.4 
М= м 225.8 с-а 81 
F =F 37.0 Ni— Cl 46 
ci — cl 57.87 о - а 52 
Вг — Вг 46.08 Р — Cl 78 
IB 36.0 т-н 71.4 
с- о 85.5 с-м 72.8 
С = 0 178 C =N 212.6 
c=s 128 S —S 54 


Heat of atomisation 

The standard state of an element is the state in which the element 
exists at 25°С and one atmosphere. The quantity of heat required 
to produce one mole of atoms in the gaseous atomic state from the 
element in the standard state is called the heat of atomisation of 
the element. The heats of atomisation of the elements are determined 
from spectroscopic measurements and some thermal data. 

7 
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The most important and yet most difficult and uncertain is 
the determination of the heat of atomisation of carbon. The follow- 
ing procedure was used. 


Cal 
(1) Се) + Og) + CO:(8); AH, = —94200 
(2) CO(g) + 108) > CO8); АН, = —67700 
(3) #040) > O(g); АН» = +58700 
(4) CO(g) > Clg) + Ole); АН, = +256500 


? (heat of atomisation) 


(5) Cer) > Cie); AH 


А The first two values are obtained calorimetrically and (3) and (4) are deter- 
| mined spectroscopically. Obviously, the heat of atomisation of graphite, 
AH = AH, — AH, — AHs + AH, = —94200 + 67700 — 58700 + 
256500 = 171.3 Kcal 


A few accepted values of the heats of atomisation are given here. 


TABLE : HEAT OF ATOMISATION IN KCAL 
——————— 
Element Atomisation Heat of 

atomisation (Kcal) 


Carbon C(s, gr) > C (g) 170.9 
Hydrogen ҰН, (6) > H (g) 52.1 
Охудеп 30, ( > О (е) 59.6 
Nitrogen ING) > N (0) 113.0 
Chlorine iCh(g) — СІ (8) 28.9 


саана 


Calculation of Bond-energy 


The knowledge of the heats of formation of a substance and 
the heats of atomisation of the constituents enables us to evaluate 
the bond-energy. 


І. С-Н bond energy : The heat of formation of methane is — 17.9 Kcal. 


(а) C(s) + 29, (6) = CHi; AHy = — 179 
and we know 
| © €9 = C» “АН = 1709 


© 2H: (8) = 4H (ә); AH = 4 x 52.1 
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Rearranging (a), (d) СН, = C(s)+ 2Н, (2); AH = + 179 
Adding (b), (с) and (d), CH, = C(g) + 4H (g); AH = 17.9+170.9+4 ' 


x52.1 = 397.2 Kcal 
That is, the energy required for breaking four С-Н bonds = 397.2 Кса1 


.. С-Н bond-energy = } x 397.2 = 99 Kcal 


П. C-C bond energy : The heat of formation of ethane is —20.3 Kcal, i.e., 


(i) 2C (s) + ЗН, (е) = СН, (9); АНу= —203 
Gi) 2С( = 2С(); AH = 2 х 1170,9 
ii) ЗН, (е) = 6H(g); AH = 6 х 52.1 


Rearranging (i), (iv) С.Н, (g) = 2C (s) + ЗН, (8); ЛН = 203 
Adding (ii), (iii) and (iv), С.Н, (g) = 2C (g) + 6H(g); AH = 6 х 52.1 + 2 


х 170.9 + 20,3 = 674.7 Кса1 
"That is, the energy for breaking one C-C bond and six С-Н bonds = 674.7 Keal 


The bond-energy of 6 С-Н bonds = 6 x 99 = 594 Kcal 
-. The C-C bond-energy = 674.7—594 #2 81 Kcal 


ШІ, С = C bond energy : This is also obtained in a similar fashion, The 
heat of formation of ethylene is + 12.5 Kcal. Therefore, 


© 2€ (9 + 2H: (p) = С.Н, (8); дну = 125 Koal 
Gi) 2C() | —2C(g; AH —2x1709 
(їйї) 2H2(g) = 4Н (8); AH = 4 х521 


Rearranging (i), (iv) C4H, (g) = 2C (s) + 2Ha (g); АН = —12.5 Kcal 
Adding (ii), (iii) and (iv) СН, (g) = 2С (g) + 4H (8); 
AH = 2 х 170.9 + 4 x 52.1 — 12,5 = 537.7 Kcal 
The energy of 4 C—H bonds = 4 x 99 = 396 Kcal 
Hence, С = C bond energy = 537.7—396 = 141 Kcal 
The bond- energy (Є) of triple or double bonds is larger than that of the 
single bond. It has been estimated, the bond-energy ratio, 
ёг-е ? eme: Comme = 1 51.77 : 2.48 
Similarly, for the C-O bonds, 


Ec-o (alcohols) : Єр (ketones) = 1: 2.12 í 


тп such calculations it is presumed that the C-H bond energy in methane, 
ethane, ethylene, etc. is the same. This is not strictly correct. The bond energy 
is subject to some variation due to environmental linkings. That is, the value 
of the bond energy depends upon the nature of the atoms linked with the neigh- 
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bouring bonds and also to the stereochemistry of the molecule. The variation in 
the values is however often small. Д 

A common illustration can be cited with pentanes. All the three isomeric 
pentanes have four C-C bonds and twelve C-H bonds and yet their energies differ : 


АН, (Keal) 


n-pentane, CH,CH,CH,CH,CH,; —30.15 
Iso-pentane (CH;),CH.CH,CH, —31.54 
Neo pentane (CH;),C —34.18 


Determination of ‘heat of reaction’ and ‘heat of formation’ from bond-energy 
values : Using the bond energy-values, the heats of formation or heat of reaction 
can be computed, The results would be approximate as the bond-enthalpies 
are only average values. 


Example (14) : Using bond-energy values from the table, calculate the 
heat of reaction for the following process : 
CH,(g) + Br(g) = CHBr(g) + HBr(g); AH = ? 

The reaction involves the following processes : 

(i) breaking 1C-—H bond, AH = 98.7 Kcal/mole 

(ii) breaking 1 Br — Br bond, AH — 46.08 Kcal/mole 
(iii) formation of 1 Н — Br bond, AH = —87.4 Kcal mole 

(iv) formation of 1 C — Br bond, AH — —74.0 Kcal/mole 


AHreaction = — 16.62. Kcal 


Example (15) : Calculate the heat of formation of methyl alcohol from 
standard values of bond energies. 


С (s) + 2Н„ (в) + 30. (е) = CH,OH(D 


The energy changes are Kcal 
(i) atomisation of carbon (1 mole) = 170.9 
~ . (ii) atomisation of 2 moles hydrogen == 4 х 52.1 
(iii) atomisation of 4 mole oxygen = 59.6 
(iv) formation of 3 C—H bonds = —3 x 99 
(v) formation of 1 C—O bond = —84 
(vi) formation of 1 O—H bond = —110.5 
(vii) Liquefaction of 1 mole CH,OH = —84 
A Adding AH = —61.0 Kcal 


(AH = & heats of atomisation — X Bond energies ) 
The heat of formation of the liquid alcohol is —61 Kcal/mole 


- If there exist one or more resonating structures in the substances considered, 
the resonance energy should also be taken into account. 1 
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Problems 
1. Given 
(i) С.н) +3040) = 2CO,(g)+2H,0(); AH = —337 Kcal 
(ii) Ha(g)+40.(8) = H,0@; AH = — 68 Kcal 


(iii) CcHs(@)+7/2.0.(g) = 2CO.(¢)+3H,0M; AH = —373 Kcal 
Find out the heat of reaction of the process : 
CoHa(g)+ Hig) = Cool) Ans, —32 Keal 
2. 100 gm. of anhydrous CuSO, when dissolved in excess of water produced 
10,000 calories of heat. The same amount of CuSO,, '5H;O on dissolving in 


large excess of water absorbed 1,100 calories. What is the heat of hydration 
of CuSO,? Ans, —18639 cal 


3. Compute the heat of reaction for the following chemical change: 
2CO (g) + 4H, (g) = Н.О (D) + C;H;OH (D 

Given : Heats of combustion of Ha, CO, and C,H;OH as —68.37,— 67.64 
and —326.87 Kcal respectively. Ans. —81.9 Kcal 

4, What amount of heat will be evolved if 1 m° of methane is completely 
burnt under normal conditions. | 

Given heats of formation of CH,, CO, and H,O (в) as (AH*p), — 17.9, 
—94.05 and. —57.79 Kcal respectively. 

5. ДН (С:ЊОН) = — 66.3 Kcal; ЛНУ (НО) = — 68.3 Kcal and 

AH'; (CHa) = +12.5 Kcal. 
What is the standard heat of reaction for the process, 


CH, (g) + H:O () = CHOH ()? Ans. —10.5 Kcal 

6. Given 
2С;Н, (D) + 150, = 12СО» + 690, АН» = —1598.7 Kcal 
2C;Hz (g) + 50, = 4С0, + 2H;0. A Hoos = —620.1 Kcal 


Evaluate the heat of formation of benzene from acetylene at 25°С. 
Ans, —130.8 Keal 
7. The heat evolved in neutralisation of HCN solution with a strong alkali 
is/3.0 Kcal. Find out the heat of dissociation of HCN. Ans. 10.4 Kcal 
8. The enthalpy of formation of ammonia (g) and hydrogen fluoride (g) 
are —46100 and —271100 joules. Show that in the reaction, 
NH; (2) + 3/2 Fa (g) > +N: (0) + 3HF (9), 
the heat of reaction is —767200 joules. 
9. Calculate the theoretical temperature of the flame when acetylene would 
burn in the requisite amount of air. 
Given : Cp (№) = 6.45 + 1.4 х 10°T 
Cp (H,0,g) = 7.22 + 2.4 x 10?T 


Cp (СО) = 64+ 10.1 x 10°7. 
Ans. Т = 2450°K. 
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Hint, : The heat of combustion of acetylene is —310600 cal. That is, 

С.Н, + $0, = 2CO, + Н.О; AH = —310600 cat 
The gases present in the flame-zone after combustion are carbon dioxide, water 
vapour and the unreacted nitrogen of the air. Since 5/2 moles of oxygen were 
required for combustion, nitrogen present would be approximately 10 moles. 
Hence the composition of the resultant gases would be 2 moles СО», 1 mole 
H,O vapour and 10 moles nitrogen. The heat-capacities of these gases 
approximately are : 

2x CPco, = 2(6.4 + 10.1 x 10-7) = 12.8 + 20.2 x 1027 


Cepo = 7224-24 x 10?T 


10 x Cry, = 10(645 + 1.4 x 10-T) = 64.5 + 14 X 10“T 
LvCp = 84.52 + 36.6 x 10-%Т 
T 
Hence, AH = EvCp dT 
dos 


» 10. With the aid of bond energies from the table, estimate the heat of reaction 
of the following change : 
CH4COCH; + 20, = CH,COOH + H:O + СО, 

11. The heats of atomisation of nitrogen and hydrogen are 113 and 52.1 
Keal. The bond-energy (N—H) = 93.3 Kcal. Calculate the heat of formation 
of ammonia, 

12. Estimate the heats of the following gaseous reactions, using standard 
bond-energy values, ignoring resonance if any. 

@ CH, + Cl, = CH,Cl + HCl ; (ii) 2C,H,; + 250. = 16CO,+18H,0 

13. At 17°C, at constant pressure, the heat of combustion of amorphous 
carbon is —96960 cal and that of CO to CO, is —67960 cal. Determine the heat 
of formation of CO at constant yolume Ans. —29290 cal 

14. Acetylene burns with a brilliant flame in N,O gas producing a high 
temperature. The reaction is 

i CH, + 3N,0 = 2CO + H,O + 3N; 
Calculate the maximum flame temperature. 
\\ Given enthalpies of formation : 
АНдсоу = — 110.5, А Hjo) = — 241.8, АНдс,н,„)у = +226.7 kj 
ү AHyw,o) = +82.05 kj 

For heat-capacity values, standard tables may be consulted. 

Ans. T = 4300°K approx. 

3 15. Calculate the energy of C—S bond in CS.. Given, molar heats of com- 
bustion of CS, (Т), C(s) and S(s) are —265 Kcal, —94 Kcal and —71 Kcal respec- 
tively. The molar heats of atomisation for C(s) and S(s) are 170 Kcal and 67 Kcal 
respectively. The latent heat of vaporisation of CS, is 6.4 Kcal. c 
А Ans, 134.1 Kcal 


CHAPTER 4 


THE SECOND LAW 


4-1. The need for the second law 

The first law summarizes our experience regarding the trans- 
formation of energy. We have learnt that (i) the different forms 
of energy are interconvertible and (ii) when one form of energy 
disappears am equivalent amount of another kind must appear, 
But there is an. elememt of incompleteness in the First Law. The 
First Law does not indicate whether the change would at all occur 
and, if it occurs, to what extent. Moreover, it also does not indicate 


the direction in which the change would take place. 


To illustrate : (а) Suppose two bodies A and В are brought in contact. 
Then from the first law, we only know if q calories of heat are lost by A, exactly 
а calories of heat would be gained by B, or vice versa. But the law does not state 
if A or В would lose the heat energy. To know the direction of flow of heat we 
need another information, namely, the temperatures of A and B. 

(b) Again, consider the chemical change, PCl, = PCl, + Cl, : the first 
law tells us only that if z calories of heat be evolved during the dissociation of 
pentachloride, then in the opposite reaction of combination of trichloride and 
chlorine exactly z calories of heat would be absorbed. But if we have an arbitrary 
mixture of PCl;, PCl and Cla, we cannot ascertain from the first law alone if 
there would be dissociation of pentachloride or not. To determine the direction 
in which the chemical change would occur, we require the knowledge of the 


equilibrium constant of the reaction. 
(с) A copper and a zine rod partially immersed in dilute sulphuric acid and 


externally connected will transform chemical energy to electrical energy, But 
whether the current will flow from copper to zinc or vice versa cannot be deter~ 
mined unless we are aware of the electrode potentials of the two metals. 


These amply illustrate the insufficiency of the first law. "То ascer- 
tain the direction of a chemical or a physical process We need some 
more information or.the knowledge of some other criteria beyond 
the first law. The principle which would determine the direction as 
also the extent of a change is provided by the Second Law. Like the 
first law, the Second Law is also truly a law of experience gathered 
from observations of nature. Any such experience which would 
determine the critezia for the direction for ће occurrence of a change 
will be the basis of the Second Law. These experiences have been 
expressed in different ways by different workers. That is why we 
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often find a large number of statements for the Second Law, though 
all of them lead to the same goal, namely to indicate the direction of 
а process. 


4.2. Spontaneous processes 


Changes taking place in a system without the aid of any external 
agency are termed spontaneous processes. We shall make an attempt 
here to collect experiences with some very simple spontaneous 
Processes. 

(i) Suppose a vessel containing a gas at higher pressure Р, 
be connected by a tube to another vessel where the pressure is less, 
say Pa; (Р,2>Р,). It is our experience that the gas would sponta- 
neously move from the higher to the lower pressure. This process 
would continue until the two pressures are equalised and a mechani- 
cal equilibrium is established. Further we find that the change is 
unidirectional i.e., irreversible, When equilibrium is attained, the 
gas, by itself, will not rush back to the first vessel to increase the 
Pressure to its original higher value. 

(i) If solutions of two different concentrations be brought 
in contact, the solute begins to diffuse from the higher to the lower 
concentration till the concentration throughout becomes the same. 
This spontaneous action is also unidirectional and would continue 
till the equilibrium is reached. Further, by itself the solute would 
not migtate back to make one portion more concentrated than 
the rest. 

(10) If a hotter body A at temperature T, comes in contact 
with a colder body B at temperature Ts, (Т.>Т,), we always find 
heat flowing from А to B until the temperatures of both 4 and В 
become equal, ie., a thermal equilibrium is attained. Here also, 
heat does not flow from B to A, i.e., the transfer is unidirectional 
and irreversible. After attaining equilibrium, В would not spon- 
taneously become cooler making 4 warmer until their original 
temperatures are restored, though such a step would not violate 
the first law. 

(iv) It is а common experience that a liquid will always flow 
freely from a higher to a lower level until the levels are equalised, 
i.e., mechanical equilibrium is reached. This is also an irreversible 
process. 

©) Metallic copper is deposited with evolution of heat when 
copper sulphate solution is brought in contact with zinc, and the 
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reaction continues until the chemical equilibrium is attained. The 
broad fact is that a chemical reaction would always proceed in a 
direction to reach the equilibrium. ў 

Many other examples may be given. But all these. sponta- 
neous processes take place in one direction and are irreversible. 
Every system naturally moves towards the equilibrium state. The 
Second Law which is formulated to record our experience about 
the direction of changes, may therefore be stated as, 

“All spontaneous processes are irreversible." 
and we may further add, 

‘<All spontaneous processes tend to equilibrium." 

If we confine our attention to a specific case, namely the flow 
of heat as in our illustration (iii), we can express our experience 
by the statement given by Clausius, 

“Heat, of itself, will not pass from lower to a higher temperature." 
Or, more elegantly stated; { 

“It is impossible for a self-acting machine, unaided by any 
external agency, to convey heat from a body at a low to one at a 
high temperature.” 

Another aspect of the spontaneous processes must also be 
considered. In all these spontaneous changes, outside effort would 
be required to effect the reverse change. To take the water to a 
higher level, to separate the solute from the solution, to produce 
back the zinc from the solution of zinc sulphate and copper etc., 
work must be done on the system. 

On the other hand, during the spontaneous occurrence of 
natural processes, seldom any energy is obtained in useful form 
or work, But nevertheless, by the introduction of suitable mecha- 
nisms; it is possible to obtain useful work when spontaneous 
processes move towards equilibrium. The mechanism employed 
to obtain the work may differ from process to process. Thus, the 
flow of water downwards would yield work if a turbine is installed; 
the flow of heat from higher to lower temperature produces work 
if a heat engine be employed ; the reaction between copper sulphate 
and zinc would give useful work through a galvanic cell ; the move- 
ment of gas from a higher to a lower pressure can be made to do 
work through a wind-mill etc. 
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4.3. The second law of thermodynamics 

We have indicated in the previous section the basis of the second’ 
law for the guidance of a process in a definite direction. It is also 
a human experience that when every form of energy, including: 
mechanical work, has a natural tendency to be transformed into 
thermal energy, the latter shows no natural inclination to be trans- 
formed into amy other form. Only through the introduction of 
some mechanism, or machine, can we convert heat into other forms. 
Even then this conversion occurs to a limited extent and not com- 
pletely. Since heat is readily available, a good deal of human 
ingenuity is employed to find out the conditions and circumstances 
under which it would be possible to change heat into work. The 
guidance as to the conditions under which heat changes into the 
direction of work would obviously come under the Second Law. 
For this reason, in enunciating the Second Law we often find the 
statements refer to the conversion of heat into work. It is now known 
that two conditions must be fulfilled to utilise heat for useful work. 

1. A contrivance or mechanism, commonly called the **ther- 
modynamic engine”, is essential. Without the aid of an engine the 
conversion of heat into work is impossible. Further, the engine must 
work in a reversible cyclic: process. 

2. The engine must operate between two temperatures. It 
will take up heat at a higher temperature, convert a portion of 
it into work and give up the rest of the heat to a body at a lower 
temperatute. 

Now suppose we have, for an engine, a cylinder with a piston 
containing x gm-moles of ап ideal Bas, at temeperature T' same 

‚ as that of the surroundings. Let the gas expand isothermally from. 
а volume V, to a volume V;. There would be no change in internal 
energy, for the gas is ideal. The heat absorbed from the surround- 


ings will be completely converted into work ау, ( — xRT In D ) А 
1 


in accordance with the first law. Here is then a case where О quantity 
of heat from the surroundings is completely converted into work, 
W. But when this has been achieved, the external agency, (the 
engine), has suffered a change in volume from V, to Va. It is thus 
an experience that complete conversion of heat into work is impossible 
without leaving a permanent change elsewhere. 

If we want to repeat the performance, the gas must be made 
to come back to its original volume and Pick up heat again from 
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the surroundings during expansion. To bring the gas to its original 
volume V, from Уу, we must perform isothermal work of compres- 


sion equal to — xRT In n, the same that we obtained before., 
1 

The net result is that the engine, working in a cycle at a tempera- 

ture same as that of the source of supplier of heat (in this case of 
the surroundings), would produce no work. It is now a fundamental 
fact of experience that under isothermal conditions no engine can 

convert heat into work. That is why we cannot run our tram cars 

or motor cars With the heat of the surrounding ait, or We cannot 

utilise vast amounts of ocean-heat to move our ships. 

This was stated by Clausius as : “Л is impossible to construct a^ 
device operating in a cycle which will produce no effect other than the 
transfer of heat from a body to another at à higher temperature. 

"The same was stated by Planck and he defined the second law as, 

“It is impossible to construct an engine, working in a cycle, which 
would produce no effect except the raising of a weight and the cooling | 
of a heat reservoir." 

In other words, no process can be realised in which the sole 

result would be the absorption of heat from a reservoir and the 
complete conversion of the same into Work. No engine can produce - 
Work from a single source of heat. 
.. Ша machine could be produced which would continuously 
take up heat from a single reservoir (thereby gradually cooling the 
reservoir) and convert it into work, we would achieve what is called . 
the ‘perpetual motion of the second kind’. 

Such a machine installed in our drawing room would take up: 
heat from the air of the room and perform the mechanical work 
of running the fan. The air of course, will ‘automatically cool due 
to loss of.heat, Hence no supply of electric energy from the electric’ 
supply company would be needed, The operation of a machine 
which utilises the heat energy of a single heat reservoir to produce: 
work can never be realised. All attempts to produce such a per- 
petual motion machine of the second kind have failed and is con- 
trary tó experience. Therefore Ostwald said : “It is impossible 10: 
construct а perpetual motion machine of the second kind.” 

Kelvin stated the Second law in the form : 

“It is impossible by an inanimate material agency to derive 
mechanical effect from any portion of matter by cooling it below” 
the temperature of the coldest of the surroundings.” 


108 THERMODYANAMICS 


If such a machine could be evolved then perpetual motion of 
the second kind could be realised, but that is not possible, 
All these statements make a specific reference of a machine 
or an engine, without which the transformation of heat into work 
is not possible. Further, we have seen that the heat obtained from 
a supplier at the same or lower temperature than that of the engine 
-cannot be transformed into work in а cyclic process. But when heat 
flows from a reservoir at a higher temperature (called the source) 
to a reservoir at a lower temperature (called the sink), it can be 
transformed into work with the intervention of an engine. The 
-engine would pick up О calories of heat from the source, transform 
-only a portion of it into work W and return the rest of the heat Q' 
to the sink, According to the first law then 
W = 0—0' 
The amount of work obtained from a given amount of heat (Q) 
depends on the temperatures of the source and the sink and on the 
"nature of the engine. It should be realised that though the conversion 
-of heat into work is partial, it does not violate the principle of the 
First Law. 

The efficiency (7) of the engine is defined in the usual way ; 


_ work produced _ W _ Q—Q' (4.1) 


energy supplied Q 0 


0: 2 
ог D] О 2. (4:2) 
Its utility, in practice, can be realised by considering a cyclic 
-process with a machine working between two temperatures. The 
most ideal of such cyclic processes would be the Carnot Cycle. 


4.4, Carnot Cycle 

In the beginning of the nineteenth century, quite a number of 
heat-engines were in use but the priniciple which governed the con- 
version of heat into work in those engines was not clearly under- 
‘stood. It was the brilliant young French engineer Sadi Carnot (1824) 
"who explained clearly how and to what extent work is obtainable 
from heat. Carnot started with two essential prerequisites. Firstly, 
to estimate the work obtained from heat during its passage from 
higher to lower temperature, the external agency (the engine) must 
*come back to its original state so as to exclude any work involved 
Яп its own change. That is, the engine must perform in complete 
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cycles. Secondly, to obtain maximum work in a cycle of operations, 
every step should be carried outin a reversible fashion. 

The typical Carnot cycle consists of four successive operations. 
using one mole of an ideal gas as the working substance. The gas 
is enclosed in a cylinder fitted with a frictionless piston. [The 
cylinder with the enclosed gas serves as the thermodynamic engine]. 

There are two thermostats or heat reservoirs—one at a higher 
temperature T (source) and the other at a lower temperature T” 
(sink). To start with, the cylinder containing the gas under pressure: 
P, and of volume Vo, is kept in the lower temperature bath (T^). 
The gas is then subjected to two alternate adiabatic and two iso- 
thermal expansion (or contraction) as follows. At the end of the- 
four such processes, the engine returns to its initial state. 


Operation 1. The gas at T' is adiabatically and reversibly compressed until’ 
its temperature rises to Т (the temperature of the source ) and the volume changes. 
from V, to Vi. 

The heat absorbed by the gas = nil 
or the work done by the gas = —Cy(T-T’) 
(Cy is the heat-capacity of the gas) 


Operation 2. The cylinder, containing the gas having volume V; and tem- 
perature T, is now placed in a large thermostat (source) of temperature T. The- 
gas is allowed to expand reversibly and isothermally from volume И; to Vs. 


The heat absorbed during the expansion = Q (say) 
The work done by the gas = RT In Y 
1 
Since the gas is an ideal one, we have from the First Law, 


Q = RT h> NC 


Operation 3. The cylinder is next taken out of the thermostat and kept in: 
a thermally insulated enclosure. The gas is then allowed to expand further 
adiabatically and reversibly until the temperature falls down to orignial initial 
temperature T’. The volume of the gas would change from V; to Vs (say). 


The heat absorbed by the gas = nil 
The work done by the gas = Cy(T-T') 


Operation 4. The cylinder is now placed in a large thermostat (sinl) of 
temperature T”. The gas is then subjected to an isothermal reversible compression. 
until the volume reduces from V, to Vo (tne initial volume and temperature). 
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The heat given out by the gas = Q' (say) 

The work done by the gas = RT’ In - 
3 

[Since V, is less than V;, the work is negative i.e, it is done on the gas.] 


The engine has returned to its initial state and the cycle is 
*completed.* Some changes have taken place in the surroundings. 
"The operations may be represented conveniently in a P-V dia- 
gram as in Fig. 4a. In this 
diagram D is the initial start- 
ing point with volume V, and 
pressure P, at temperature Т”. 
DA and BC donote the adia- 
batic compression and expan- 
sion respectively, whereas AB 
and CD are the isothermal 
expansion and compression 
respectively. The enclosed: 
area ABCD represent the 

Fig 4a. The Carnot Cycle work obtained in the com- 
plete cyclic process. 
The net work done by the gas in the complete cycle, 


W = СИТТ) + RT In 7? СИТТ) + RT' In 4 
1 ЕЈ 


У, Ё, 
RT In- — RT' In 3 
иу 


“But in the adiabatic Operations, since TVy-1 = constant, we have 


@ TV -—Tyya 
sand (ii) BY ey yt 
Dividing, 7 t. E 
Hence the net work, W = RT In M ei RT' In 5s 
V, V, 
сы Й V. 
= R(T—T') In Y. ‚.. (44) 


1 


= M. N. Das, Indian J. chem. Edn, 1978, 5, 16. 
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y  RT-T)h v 
The efficiency, у = үл 25, ТРОО ETC (from eqn. 4.3) 
RT In — 
y 
TERA ЛАТ 
= -S 1.85 
Непсе, у= о 27 ae iio 


This relation expresses the maximum amount of work obtain- 
¿able from the heat flowing from T to T’. The work obtainable 
-depends on the temperatures of the source and the sink. This is 
‘the mathematical form of the Second Law. (The same result would 
‘be obtained even if the cycle started from some other point.) 


The efficiency, 7 = re 
ee Wee sac Ly 
Q 
ӨтӨ T o 
i.e., ОЛ Cf 
Qu TI Ок D. 
hence о = тт т 2. (47) 


Notes : (7) Between two given temperatures, only AT]T fraction 
„of the total heat supplied at T is transformed into work. The rest 
of the heat is released to the sink and cannot be rendered into work. 
"Though heat is present, it is not available as work. This unavail- 
-ability is hence regarded as degradation of energy as heat passes 
{гот a higher to a lower temperature. І x 

(ii) W = О, only when 7” = 0. That is, if the engine works 
“between absolute zero and a higher temperature, complete conver- 
-sion of heat into work would be possible. Since working an engine 
.at 0°K cannot be realised in practice, the complete transformation of 

heat into work is impracticable ; the efficiency is thus always less 
-than unity. 

(iii) The efficiency of the engine depends only on the tem- 
-peratures of the source and the sink (eq. 4.5). For a given source, 
“the lower the temperature of the sink the greater will be the yield 
-of work. Very often the sink is at the room temperature. In such 
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a case, for greater output of work, the temperature of the so) 
should be high. This is the reason for using high pressure steam 
in boilers for production of power. i 
(iv) When T = Т”, work W becomes zero. No work is availabl ў 

_ by operating ап engine under isothermal conditions. р, 
(у) The ratio of the volumes after adiabatic expansion andi 


before ie., qs is called the adiabatic expansion ratio, denoted Бур. | 
2 


We have seen in the Carnot cycle that 
ТҮ = Туут 


= Fwy Gy" 


Hence the effici 1 асар. (4.8). 
lence the efficiency, 7 = - = es) E 


Example (1) : A Carnot engine working between 0°C and 100°C takes up: 
840 joules from the high temperature reservoir. Calculate the work done, the ] 
heat rejected and the efficiency. , 


(@) Work done W = О.х 27 = 840x 0х9 2.25 x 10° ergs=0.225 ki 
Ta 840 273 
(b) Heat rejected Q,— О, . n^ 22 ` 373 = 146 calories 
y тоо 
(с) Efficiency, = n “Зз” 0.268 


Example (2) : Ап engine works іп а Carnot's cycle between 27°C and re i 
and the work output per cycle is 300 Kgm-metres. Calculate the heat supplied: 
Хо the engine from the source, 

Let heat supplied = Q calories. 


Since W-2909-—- 


Expressed in ergs, 300 x 1000 х 100 x 981 = Q x 4.2 x10 x 2m 
or О = 2803 calories. 


4.5. The Carnot Theorem 

This theorem embodies two important deductions derived! - 
from tbe Second Law. These are, a 

(i) 2 reversible engine is ‘nore efficient than an irreversible 
one and Ў 
(ii) all reversible engines are equally efficient working between. — 
the same temperature limits. , 
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We can proceed to establish them in the following way. 
(i) Suppose we have an irreversible engine J and a reversible engine 
R. Let us assume the efficiency of 7 greater than that of К, i.e., 
nr>nr- This means that if a source supplies same quantity of heat 
to both the engines, greater amount of work will be obtained from 
T than from R. Suppose the engines operate between the source 
at temperature Т and the sink at temperature Т”. Now the energy 


changes with the two engines would be as follows : 


Fig. 4b 

Engine I 

Heat supplied by source = О 

Work performed = W, 

Heat rejected to sink =q, (a = 2-W) 
Engine R 

Heat supplied by source = Q 

Work performed = W; 


Heat rejected to sink d» ( = Q—-W3 
We know, W, > Wa and hence, Q—W; < Q—W,, or 4:29 


Let us now carry out a cyclic process in which the irreversible: 
engine J would perform the forward process. It is supplied with 
heat О from the source and it yields W1 work and reject the rest of 
the heat g, (= О — W,) to the sink (Fig. 4b). 

The reverse process is carried out by the reversible engine R. 
Since it is reversible, it will take up heat ga (= О — з) from the 
sink and having W, units of work done оп it return heat Q to 
the source. In this complete cyclic process, the source has not lost 
any heat. But the coupled engines have yielded ^ 

net work = W; — Wa. 

The sink has received q, heat and lost 4; heat and since 4:241. 
The sink has a net loss of heat = g2—91 = (Q— Wa) —(Q—W,) 

=W,-W, 

That means we have been able to convert completely the heat 
taken from the single reservoir sink at the lower temperature. This 
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is impossible. Hence an irreversible engine cannot be more efficient 
than a reversible engine. 

(ii) The second part of the theorem can also be proved in a 
similar way. Suppose two reversible engines R, and К, work between 
the source (T) and the sink (T"). If possible, let us assume, one 
of the engines, say R,, is more efficient than R,. As before, let us 
couple the two engines to carry out a cyclic process. The engine 
R, takes up heat Q from the source, yields work W, and rejects 
(Q—W,) heat to the sink, while the engine R, perform the opposite 
process, taking (Q—W,) units of heat from the sink with W3 
units of work done on it, and returning heat О back to the source. 
Since nr, > к, therefore W, > W,. The source has not, at the 
completion of the cyclic process, lost any heat. The net result is: 
that W,—W, units of work have been produced. There is a loss 
of (Q -W;) —(Q—W;) = №, — W, units of heat from the sink. 
The heat of the lower temperature sink is thus completely converted . 
into work, which is against the Second Law. Thus, engine Ry 
cannot be more efficient than R,. Similarly, К, also cannot have 
greater efficiency than R,, That is, both the engines are equally 
efficient, Hence all reversible engines working between the same 
temperatures must be equally efficient. Since we have not taken 
into consideration the nature of the working substance of the engine, 
we may also say that the efficiency of the Carnot engine is independent 
of the nature of the working substance. 


:4-6, Kelvin Scale of Temperature 


` The mesurement of tempertature is based on some property of the thermo- 
thetric substance, such as linear or volumetric expansion, electrical resistance, 
etc. But the variation in the property studied is not exactly the same for different 
substances, nor is it regular in different ranges of temperature. In measuring 
T1/Ts, the ratio of temperatures of two given reservoirs, with a constant-volume 
nitrogen thermometer and a constant-volume helium thermometer, the readings: 
would be slightly different. 

у Уе have seen that the efficiency of the reversible engine is dependent only, 
»on the temperatüre of the source and the sink and is independent of the materials. 
used. In а Carnot cycle, 

"EE 

qm Se bui d 

where О and О” are heat received from the source at Т and heat given up to 
the sink at T respectively. T and Т” are expressed in ideal gas scale. 

_ Kelvin proposed that a knowledge of the quantities of heat Q and Q” would 

'be possible fo define a scale of temperature independent of any property of the 
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substance. It would then be a thermodynamic scale of measurement in which 
thermometry would be replaced by calorimetry. 

Let us take three reservoirs (4, B and C) in decreasing order of temperatures, 
Let us also denote by the symbol, 7, a quantity which is a measure of the tem- 
peratures or levels of hotness of the reservoirs (Fig. 4c). 


Fig. 4c 


Suppose a Carnot engine (Ез) works between the reservoirs A and B receiving 
О. heat from A and rejecting О, heat to B. Then, the ratio Q,/Q, will be a function 
of temperatures of А and B, i.e., a function of т; and Ta 
So, Or Lr Fn, 0) e) 
Qi d 


) 
the nature of the function need not be prescribed now. 


If now, a second Carnot engine (Ej) works/between В апа C, taking Оз heat 
from B and rejecting Q; heat to C, 
then, 2 _ F(t2, 73) EN 
Qa 
Now let the two engines be put in series to work between the baths A and С. 
Then we would have, 


А & = F(Ts Ta) fo ш) 
Dividing (iti) by GD; 2 5 Im эз), 
F(73, Ta) 


Comparing (i) and (i), F(t, т) = E ET] 


The left-hand side of this equation does not contain 75, which occurs only 

on the right-hand side. This is possible only if the form of the function F is a 

ratio function and of identical nature in both the numerator and the denominator 
ie, 

Noo глед 

F(t, та) = Fao and — F(t, 7s) fer) 
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ya Flew td Ле) „вә _ fd 
Tis, . Fee то je) © Ke) ed 


0. _ fer) 
Hence, from (i) Q^ fe) 


Let this undefined function f (T) represent the temperature in the new thermo- 
dynamic scale and let it be denoted by 0. Then 


о, 9, 
БУ Кг 7s. (0) 


when 6,, 0, are the temperatures of A and B in the thermodynamic scale and these 
do not depend on any property of the working substance of the engine. 


But, from Carnot's cycle, 
Qv. n (Tı, Т» are expressed in gas scale). 


Qs Л. 
LA T е 
S — = —,or 0 = KT, (where k is a constant) . . (vi) 
ba Т. 
The freezing pt. and boiling pt. of water in the two scales are 07,05 and Ту,Ть 
К ў бъ Ть 
c = im >> wee (ii 
P Ty (vii) 


For the magnitude of the unit degree in the themodynamic scale, Kelvin pro posed 
therange between freezing and boiling points of water to be divided in 100 degrees, 
to make each degree equal to a centigrade degree. Then, 
65—6; = Ty—Ty = 100 
Т 
Applying (vii), yt тист 


PER 


or у = Ty, and so, б = To 


"That is, the constant in (vi) is unity, or, 0 = T. 
The temperature in the gas scale and in the thermodynamic scale would 


be the same. 


Further, since Qi = a 
2 


о, 
^ — 6,— 6. 
the efficiency, 7 = 20. р 


Hence if @ = 0, yj- 1 


The zero of thermodynamic scale has been defined to be the 
temperature of the sink working down to which the engine would 
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completely convert heat into work. We have seen previously the 
same criterion for the absolute zero of temperature in the gas scale, 
Hence the zero of the two scales are identical. К 

To honour this fundamental contribution of Lord Kelvin the 
thermodynamic scale is called the Kelvin Scale with symbol °K. 


4.6a. Clausius Inequality 


This concept stems directly from the Second Law. The Clausius 
inequality states : “The cyclic integral of the quantity 5q/T for a 
closed system is always equal to or less than zero.” It may be estab- 

lished as follows: 

Consider a system B (Fig 4c,) at temp. Т operate in cycles. 
In its cyclic operations, it receives heat 8Q from a high-temperature 
reservoir C maintained at constant temperature То. Suppose the 
system B produces work ôW per cycle. Then from the First Law 


$dQ = §dW ЕДО), 

To provide reversible supply of heat from C, insert a reversible 

engine R in between the system B and reservoir С. Let the engine 
make an integral number of cycles to one of B. 


Reservoir C 


To 


The engine receives heat 5Qx from the source, performs 817g 
work and delivers 50 heat to the system B. Then, for the reversible 
engine, 

8 fj 
50. _ 20. ог 80, = LE В) 
Again, we have, 
50» = 8Q + 8Wr ; or 3Wa — 80к — 80 
80" | 
or SWrR= 20 — 39 Pu (OH) 
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"Now suppose the engine and the system B together form a composite 
system А. Then, the total work from this system A for each cycle 


of B, will be given by, : 
Sh §dW4 = $0807 + 8W) 


i (2.20 — 39 + 20) 


‘af = §7,°2 [from (iii) & ())] 

But this composite system A operates in a cycle which exchanges 
heat with a single reservoir. Such a device, according to the Second 
Law, cannot produce work. However, there is no restriction where 
the work is equal to or less than zero, That is, the second Law 
requirement on. cyclic heat-engines is governed by the fact that 


$814 <0 
U^ *Hence, | §To a <0 
O a aA ust N KEUTO) 
v^ Sinée То is constant and positive, ÍT <0 


This is known as Clausius Inequality. It is immaterial if the 
cycle would operate in the opposite direction. The engine R is 
reversible and irreversibility, if any, is confined to the system В. 
For reversible functioning of B, 5Q/T is zero (Carnot) ; otherwise 
ВОЈТ is negative. 

The First Law for its conservation of energy is a law of equalities. 
The Second Law leads to inequalities. 


Common Heat Engines. The engines most commonly used for 
the generation of power are of two types ; (i) steam engines and 
(ii) internal combustion engines. We shall present here only а simpli- 
fied outline of the principles on which these engines operate without ` 
entering into engineering details. We shall. also ignore the compli- 
cations that arise during the operation due to heat-transfers by 
friction, conduction, turbulence etc. 


4.7. Steam Engines 
Steam Engines. Water and its vapour are the Sotas sub- 
stance in these engines. The principle is to allow water to vaporise 
} in а boiler taking up heat from a high eger m source (say, 


: THE SECOND LAW 119 


a furnace). The vapour is then allowed to expand adiabatically 
pushing out a piston or moving a turbine (thus, doing work) and 
simultaneously it is cooled to the temperature of the sink. The 
yapour is then condensed isothermally and finally the water is 
returned back to the boiler by adiabatic compression. The cycle 
is thus completed. The choice of water as the working substance 
is primarily due to its high latent heat of vaporisation, which enables 
it to take up larger quantities of heat from the source and its non- 
corrossive nature. Working between the same temperature-ranges 
Carnot’s cycle would be the most efficient. Carnot’s cycle however 
demands that every step should be perfectly reversible and that 
heat-exchanges in the source and in the sink must take place at 
constant temperatures. The realisation of these conditions in practice 
is of course almost impossible. The Carnot’s cycles are therefore 
only ideal ones, The cyclic operations carried out in real heat- 
engines are an effort to reach this ideality. The efficiency of the 
Carnot’s steam-engine working between the room temperature 
(say 27°C) and the boiling temperature (100°C) would be 
T,—T, . 373—300 
ЫЕ TEST NR 0.196 

i.e., only 19.6% of the heat would be available as work. Increase 
of boiler pressure will raise its temperature yielding superheated 


Fig. 4d. Operation of Steam power cycle 
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steam, Such rise of temperature will increase the work output. 
"This advantage is taken of in the Rankine cycles, on the basis of 
which the steam plants are operated. 


4.8. Rankine Cycle 


The Rankine cycle is a model one for a steam power plant. 
The working substance (water) appears both in liquid and vapour 
phases during the cyclic process. The Rankine cycle follows the 
Carnot cycle and for simplicity, it is treated here as an idealised 
system. The schematic representation of the process is given in 
Fig 4d and the changes are graphically presented with P-V diagrams 
in Fig 4e. [А 7-5 representation is salso presented in Fig 47]. 
We start from the point ‘a’ (in Fig 4e) which corresponds to a given 


Fig, 4e. Rankine cycle (idealised) Fig. 4f. Rankine Cycle 


mass of water in the boiler Y,. (i) The water takes up latent heat, 
Vaporises and is in a superheated state at temperature 7i. The 
Pressure is kept constant and is high enough for the purpose of 
Superheating. Let the net heat absorbed be Q;. The change in 
volume is denoted by ab. 

(И) The superheated steam is then allowed to undergo an 
adiabatic expansion pushing out a piston or turning a turbine (Z). 
In the performance of this work, the vapour is rendered into wet 
Steam. The temperature falls to Т, (say) and the pressure to Py 

(tii) Under isobaric and isothermal condition the steam is 


| 
| 
. 
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condensed to saturated water at Т,. The change in volume is given 
by cd. The heat Q, is rejected to the cooler. 

(iv) Finally, the water is adiabatically compressed from pressure 
(Р,) to the pressure (Р,) of the boiler and transferred there along da. 
The change in volume is negligible. 

The cycle is completed and the net-work available is represented 
by the area abcd. 

The efficiency of the cycle may be calculated ШЫЛЫП 
Let H terms denote the enthalpies of the water ог its vapour at 
different stages. Then the flow of heat into the engine at T,, and 
the rejection of heat at T, are, 

QO, = Нь—Нь and 0, = He— 

In passing along da, work is performed on the system in com- 
pressing the mass of water from P, to P, adiabatically. If V be 
the volume of the mass of water (practically constant), then 


Ha — Ha = Í VdP = V[P,—P] 
b 


The ‘efficiency; у — 21 — Ge _ Нь На He t Ha 


Qı Hy — Ha 
Hy—H.—(Ha—Ha) Hy—H-—V(P,—Ps) 
CUH.—Ha—(H.—Ha)  Hy>—Ha—V(P;—P) 
Sie (4.9) 
The heat-content values are available from steam-tables. } 


Example : In a Rankine cycle, steam saturated at 130 psia is expanded to 
a pressure of 15 psia. Determine the net-work of the cycle and its efficiency. 

[From the steam tables, the following data are available per 1b of water or 
steam. Under isoentropic condition, 


(i) at 130 psia, enthalpy of sat. steam, Нь = 1191.7 Btu/1b. 

(ii) at 15 psia, enthalpy of sat. steam 5 He = 1040.7 Btu/1b. 

ii) at 15 psia, enthalpy of sat. water ; Ha = 181.1 Btv/1b. 
and specific volume of water at 15 psia = 0.01672 cft.) 


(i) Work of expansion = hp—he = 1191.7—1040.7 = 151 Btu/1b 
i 0,01672—(15130) x 144 
and (ii) Pump-work EPI Dre ENTRO TUS 
= —0.356 Btu/ib 


* Net-work = 151 — 0.356 ex 150.6 Btu/Ib 
(Note that the work of compression is negiligble) 
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(iii) The ‘heat absorbed at the high temperature, О, = hy—ha 

= hy — ha + WP, — P4) 
1191.7 — 181.1 + (—0.356) zx 1010.2 Btu/1b 
150.6 
1010.2 


efficiency, 7 = W/Q, = = 0.149 ; ie. 14.9 % 


| 


Internal Combustion Engines. In the internal combustion engines,. 
heat is not supplied from outside. It is generated within the engines. 
from the combustion of some suitable fuels. The common internal 
combustion engines used in automobiles are either (i) Otto engines, 
in which heat is absorbed at constant volume or (ii) Diesel engines, 


in which heat is absorbed at constant pressure. A brief outline of 


the operation of these two types of engines is given here. 


4-9. The Otto Cycle 

The Otto engine works in a typical four stroke cyclic process. 
as shown in Fig. 4g. The engine consists. of a cylinder with a 
frictionless piston and is provided with an intake and an exhaust 
valve. To start with, the piston is in the limiting position at the 
topdead centre (TDC), [ Fig. 42(a) ]. 


Exhaust. 


Spark 


2227) 
Шү 
zen 


7224 


UZZZZZZZZZ2222222 Ý 


Clearance 43 
Volume Ny 


Piston -È 


EZZ2222227722277277 
ELLLLLLELLLLZZZTI 


lay 


fbi tc) 09) 


Fig 4g. The strokes of an Otto engine. (a) the piston at TDC (Б) the piston 
at BDC after suction (c) power-stroke starts @) exhaust stroke begins. 


In the first intake stroke, air-fuel mixture flows, by suction, 
-into the cylinder at constant pressure until the piston-head reaches 
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the bottom-dead centre (BDC), Fig (b). In the second stroke the 
air-fuel mixture is compressed adiabatically by closing all the valves. 
Tn the next step, the mixture is ignited by means of a sparking plug 
(Fig c) hence it is called a spark ignition engine. The combustion 
produces a large amount of heat very rapidly, during which the 
volume practically remains constant. The pressure rises consider- 
ably. This is followed by the expansion of the high pressure high- 
temperature gas (Fig. d). This indeed is the work-producing step. 
During expansion work is used in turning a turbine (say). At the 
end of the expansion, when the piston-head reaches BDC, the 
exhaust valve is opened and the pressure falls to almost the initial 
state but the volume remains constant. Finally, during the exhaust 
the piston is pushed up to the TDC point. The cycle is complete. 

These changes may be indicated with a P-V diagram as in 
Fig. 4h. OA denotes the initial intake of the air-fuel mixture at 
constant pressure. AB is the next | 
adiabatic compression of the mixture 
when the pressure rises considerably. 
The mixture is then ignited by sparks, 
when heat Q; is evolved and absorb- 
ed by the gas at constant volume. 
The pressure-rise is indicated by 
BC. The vapours are then allowed 
to expand adiabatically along СО 
producing the work. Finally, the gas 
allowed to escape through the ex- ^ Fig. 4h 
haust valve at constant volume. 

The Otto cycle thus consists of two adiabatic processes with 
two alternate constant-volume processes. The fluid is predominantly 
air mingled with some gasoline-like fuel required for the generation 
of heat. It is indeed a gas power cycle. To analyse such a cycle and 
to estimate its efficiency, it is convenient to regard it as an ideal 
cycle using only air as the working medium. Such an idealised 
cycle is called air-standard Otto cycle. It is aptly represented by 
the Р-У indicator diagram in Fig. 4i. The efficiency of an air- 
standard Otto cycle may be computed as follows : 

In fig. 4i, the adiabatic compression is denoted by ab and the 
adiabatic expansion producing work by cd. In the isochoric change 
bc, heat (Q,) is produced. Along da the gas is reduced to its otignial 
pressure, when (Q,) heat is given out by the system. The pressure, 
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volume and temperatures at different stages are denoted by P, V 
and T with suffixes indicating different points. С, is the beat capacity 
of the fluid at constant volume, supposed to remain constant. 


S ] 
Fig 4i. air-stanaard; Otto-cycle Fig 4j. air standard Ctto-cycle 
Then, for the transformation along bc, О, = C» (T.—T») 
-and for the transformation along da, Q, = Cy(Ta—Ta) 
2. the efficiency of the engine, у = mE = 1-2: 
1 
oe 4 T 
= 10 
Ne Te— te 


‘Further we know : 
Таа == TwVw-, and Тарау = TeV, (sinceVe = Vo) 


i 2y- Ta Ms Ta—Ta 
Aen (7) т go 
— -i 
Hence efficiency, = 1— =, =1— (р; | =i- i й 
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where p is called the compression ratio; itis the ratio of the volumes. 
at the beginning and at the end of the compression step, i.e., 
р = ValVo. 

It is evident that the efficiency of an Otto cycle increases with 
increase in the compression ratio, p. The value of y is taken as. 
1.4 (Fig. 4k). The rate of increase 
in efficiency slows down at higher ¢ 
compression. The results in actual 
tests with internal combustion ~ 

T ] y-14 
engines show a lower efficiency g4 
tban those calculated. This is due 
to non-ideal condition and espe- 
cially for using a constant value 2 
for у. The value of у changes 4 
appreciably with the variation of 
temperature in the different stages 5 10 5 e 
of the cycle. Fig 4k. Efficiency of Otto-cycle 


Example : The compression ratio of an Otto engine working with 1 Ib of 
air is 8 : 1. The pressure and temperature at the start of the compression are 15 
psia and 60°F. The highest pressure attained is 1600 psia, Determine the. 
efficiency and mean effective pressure of the cycle, Cy for 1 Ib of air = 0.171 
Btu/^F, 

Consider P— V diagram of the Otto cycle in fig 4i. 

Given : p — 8.0, Ta = 60 + 460 = 520R, Pa = 15 psia 

y = 14, Cy = 0.171 Btu/^F 


`. Effici = | ea о, 
2 Efficiency 7 = 1— z) а 088 


y-1 ; 
Again TaVa = TyVe"; or Tp = Та (72) = 520(8)4-1 = 1196°R_ 


y à 
And PoV? = PaVa” ; or Po = Pa (z) = 15 (8)'4 = 276 psia 
RT, _ 53.3520 
„Жр [pes ers Үр 65, 
Vat р БЕ ДОМ АКТ 
PexTo _ 1600 x 1196 ГУА 
Also Te = Po = 276 6933°R, (since V; = Vo) 
Vo = Va _ 1265 _ | га 
Р 8 


ie. volume change in compression = 12.65 — 1.58 = 11.07 ft 
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Heat absorbed per cycle, Q; = Cy(T¢—To) = 0.171(6933—1196) = 981 Btu 


work produced per cycle 


mean effective pressure, mep = —— ——— —————— —— — ——— 
volume change in compression 


70: 8x981x778 
Va—V» 11.07х144 


or тер = = 268 psia 


-4.10. The Diesel Cycle 


It is a compression-ignition engine in which the fuel is not 
ignited by any spark. Initially on intake only air is introduced into 
the cylinder and it is subjected to high compression adiabatically. 
"The temperature rises so high that when fuel is sprayed into it, 
the fuel is immediately ignited. The fuel is rejected at the end of 
the compression process and it is added in such a regulated rate 
in comparison with the motion of the piston that combustion of the 
fuel occurs practically at constant pressure. The heat of combustion 
is taken up by the gas with a considerable rise in temperature. The 
gas mixture is then adiabatically expanded when the temperature 
falls and it is the work-producing step. Finally, by opening an 
exhaust value, the gas is reduced to the orignial temperature and 
pressure ; the cycle is completed. 

Analogous to the Otto cycle, an air-standard Diesel cycle 
may be idealised as in the P-V diagram (Fig 4/). The four steps 
-of this cycle are : (i) adiabatic compression ab, (ii) combustion of 


Fig. 41 
The air-standard Diesel cycle 
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fuel i.e., heat absorption О; at constant pressure bc (iii) adiabatic 
expansion cd (ту) constant volume process in exhaust, da, Q, heat - 
released. 

A T-S diagram is also given 
in Fig 4m. 

The efficiency of the air-stan- 
‘dard diesel cycle may be easily 
«computed. 

For the isobaric change bc, 

О, = C» T,—T») 
For the isochoric change da, 
0, = Co(Ta—Ta) 


The efficiency of the engine, Fig. 4m. 
at _ Oe _ 2С Ta-Ta _ _ 1 Ta—Ta 
7 = 1 ORG OTT, 7 YVES ic. (4.12) 


"The heat is rejected along da at constant volume. Instead we might 
allow the adiabatic expansion to proceed until it reaches the point e, 
when pressure becomes the original external pressure and the 
temperature Te. The gas then at constant pressure be cooled to 
volume V; at a (Fig. 4n), the heat rejected О, = Cyp(Te—Ta). 

The change da, is then sum of the changes, de and ea. The 
Diesel cycle abcd is thus transformed into the cycle abce. The effi- 
ciency, then, 


ш е СТ Та) _ DAN 
Veo Geet LCD a OE 


с 


Fig. 4m. The Diesel Cycle (modified) 
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ny 12 
But we know : Т.Р." = TePa ” 
Tey izy 
and ToPo” = TaPa” [ Po = P 
ӨГ: lx ol orum. [Vaters Vo! 
т)" Т) = A 
ару 
Т, 1 \>у-1 ^ 
^ LEE I HELM 
8: Т, 6) 
: Т, Ра 1v 
Again j T. = P| y 
Hence Te д: Ta pea Te—Ta 


КУЫШ TR Met ҮЧ 


i pu Ге uu Tesi a Ve 
The efficiency, у = 1 ToT; = 1 Т, = 1 Є 
2.2. (4.14) 


(сў. Carnot cycle and Otto cycle). 

The compression ratio р is much larger in the Diesel engine- 
than that in the Otto engine. This explains the higher efficiency 
of the former. 


Example : The pressure and temperature at the beginning of a diesel cycle 
are 15 psia and 60°F. Its compression ratio is 16 : 1 and the heat supplied by 
combustion is 1100 Btu/1b. Calculate its efficiency and тер, assuming air- 
standard condition, [y = 1.4, Ср = 0.24 Btu/lb-°F] 

Consider the P-V diagram (Fig 4/) for the diesel cycle. With one pound 
mass of air. For solving this problem, it would be necessary to ascertain the 
volumes and temperatures at all the points, (a, b, c, d). 


Given : О, = 1100 Btu Ta = 520 R 
т=р= Ра = 15 psia. 
P x M Xs = 12.65 fe 
ty 106 ory 


Change in volume in compression, Va —V; = 12.65—0,79 = 11.86 ft? 
Va y 
Again, To = Ta (>) = 520 x (16)"* = 1576°R 


D 


1100 


Te = Ty + Qi Co = 1576 + оог = 6160 R 


u—'ÉÁUE ЧЕЧЕ НИНЕ ҮРКҮН КГ ү НК Ө НЕР ЕЧ rm 


ee ee ee үа 
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Further, Vp = Va[16 = Va/16 


ad Ve = Vor = 90 > = 389 Vp = 3.89, 72 = 74 
or X = т 
Ta = Te (к) = 6160 (a) = 3500°R 
The efficiency, = 1— TE — Te, = 1 hee 7 0 
mep - 2-20. - UR L 270.6 psia 


4-41. The Brayton Cycle 


The operation of tbe gas turbine power plants is basically 
depenaent on the Brayton cycle. The initial intake is the atmos- 
pheric air which is compressed sufficiently to reach a high pressure 
and temperature. Fuel is then injected for combustion in the com- 
pressed air and heat is absorbed at constant pressure. The hot gases 
are then allowed to expand and cool in turning the turbine (produc- 
ing work for the generator). This expansion continues almost to 
the initial low pressure. The gas is then allowed to escape to the 
atmosphere. Heat rejection is achieved by cooling in the atmos- 
phere. Fresh intake of air then ensues. This is the open cycle [ Fig 
4о(а) ]. 

To analyse and to estimate its performance theoretically the 
usual practice is to regard the Brayton cycle as a closed one using | 
air (or helium or argon) as the working medium. In the closed | 
cycle, the air is in continuous circulation. After compression, heat j 


Fuei Combustor Qı from source 


= - 


(0) Open Cycle (b) Closed Cycle 


Fig 40. The Brayton cycle - 
9 ^ 
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is supplied to the cycle by burning some cheap or low-grade fuel 
externally. As usual the work is produced in the turbine during 
expansion to the original low-pressure. The cycle is completed 
by transfer of residual heat to the surroundings through a heat- 
exchanger [ Fig 4o(b) ]. 

The closed Brayton cycle is thus an air-standard one. It consists 
of two adiabatic steps alternating with two constant pressure pro- 
cesses. These are shown in Fig 4p іп P-V and T-S diagrams. 


Fig. 4p. The Brayton cycle (air-standard) 
The efficiency may be determined as follows: 


For the isobaric process bc, О, = Cy(T.—T») 
For the isobaric process da, Q, = Cp(Ta—Ta) 
i 21-9 р. 1—7 
Efficiency, q = a 1 Т.т, 
-1), 
For the adiabatic processes ть = M 7 -@ 
а Pa 
ү кж ly Pe) GD. Br Ў a = 
апа T^ st) ҢЫ: , (since Ре=Рь and Ра=Ра) 
Po е fu ue 
Ta: Ta Ta Tp 
Tg Te - . Ta—Ta Т.—Ть 
B mc rq бутор. T, 
Ta—Ta _ Ta 
OR Т.—Ть Ti b 
Ы D ELA ТЕ КАЛ Pa 9-0» У x 
"S 7=1 "т = 1 (=) [ from iU) above] 
1 1 Ls ALS) 


ТҮРҮ 9-5 
п) 
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The efficiency is dependent on the initial and final pressure in the 
compression process. Using air (y = 1.4) and a compression 
pressure ratio (P»/Pa = 10), the calculated efficiency is nearly 40%. 


4.12. Refrigeration Cycles 

А. The Reversed Carnot Cycle. If the operation of the Carnot 
cycle be carried out in a reverse direction, then heat (Q’) will be 
taken up by the engine from the colder body (sink) and a larger 
amount of heat (Q) will be delivered to the hotter body. This would 
not violate the second law but this would require an input of work. 
In consequence, the cold body becomes still colder. The rd 
operating in such a cycle is called a refrigerator. 


Refrigeration cycle is most commonly used in preservation of foods 
«frigidaires), in manufacturing ice ; in air-conditioning of rooms. Besides, it 
has now many important commercial applications as in oil-refinery process, in 
‘treatment of special steel, in making ‘cold rubber’, апд in various other fields. 
There is now a special fiela of investigation for low temperature production, 
«alled cryogenics. 


The ideal refrigeration cycle 
would be the reversed Carnot's 
cycle, as represented in fig. 4q. 
It consists of (i) two isothermal 
processes in which heat Q, is ab- 
sorbed at the lower temperatureT, 
апа the heat Q, is given up at the 
higher temperature Т, and (її) two 
adiabatic processes. Suppose net- 
work required for the transfer is Fig. 44. Reversed Carnot cycle 
W. Then, in the reversible cycle, 


W = 0.—0 


‘Obiviously, the larger the amount of heat removed from the colder 
body by a given input of work, better is the refrigeration. The 
success of refrigeration is expressed-by what is called coefficient 
of performance (cop). The cop is defined by the quantity of heat 
removed by unit amount of work. That is, 

coefficient of performance, 


у heat removed _ Q, 0 
work input ^ W 0—0, E 
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In a Carnot’s cycle, 026 = TUE 
H 2 1 2 
Т; 
5 сор, 4 = ia ‚.. (4.16908 
E Т, 


Also W = бу = Q.. T 


Heat-Pump. Sometimes the e cycle is used to supply heat 
to the higher temperature. For example, in winter a room is to be 
supplied heat to maintain normal temperature by drawing heat 
from the outside cold air or a lake. Literally, heat is pumped into 
the room by cooling the cold lake. When the objective is to supply 
heat to the higher temperature, the refrigerator serves as a heat- 
pump. More heat delivered to the higher temperature with a given 
input of work better is the heat-pump. Its coefficient of performance, 


‚ (4.17) 


Т, 
COPrcaryoay = G4 = 2*3 = тт, . . . (4.18) 


Example. Calculate the least work needed to produce 2 Kg. of ice from 
water at 0°C, if the cooling engine gives up heat to the surroundings at 27.3°C 
[у = 80 cal/gm]. 

How much heat is transferred to the surroundings for the process? 

Heat absorbed by tne engine at 273°K, О, = 2000 80 = 160000 cal 

T 273 
mae кы EEE 
But W = Qh} = 160000/10 = 16000 cal = 67.2 kj 
[Heat supplied to the surroundings, Q, = О, + W 
= 160000 + 16000 = 176000 cal 


Example. A heat-pump is used to supply heat to a room at 27°C by extracting 
the same from cold air outside at 7°C. What amount of work would be needed 
to supply each kilocalorie of heat to the room ? 


d 
For the heat pump, (Сор) У = Dn CT 15 


1000 
Now W = Qj; = -— x4.2x10* kj = 028 kj. 


> 


Note : From eqn. (4. 17), W = Q. 


an , itis evident that the minimum 
2 
work (w) required to remove a definite quantity of heat (Q.) in refrigeration 
increases as tne lower temp. (T2) is decreased. If T; is lowerea to 0°K, then 
infinite amount of work would be needed. That is, the refrigeraticn would not 
Бе possible. 
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Unit of Refrigeration. The capacity of refrigeration is expressed in terms of 
tons of refrigeration. A 1-fon refrigerator extracts in a day an amount of heat 
just enough to freeze one ton of water at 32°F. 
Now 1 short ton = 2000 Ib, latent heat of fusion = 144 Btu/lb 
. Heat extracted in one day is 144 x 2000 = 288000 Btu/day 

or heat extracted О„ = 288000/(24 x 60) = 200 Btu/min. 

Hence a 5-ton refrigerator would make 5(200) — 1000 Btu of refrigeration 
per minute. 

Suppose a y-horsepower motor supplies the needed work to a x-ton refri- 
gerator. That is, 


the heat removed per min, О, —xX 200 Btu 
and the work done per min, w = yx 42.4 Btu 
AG О, x x 200 x 
y f ti frigerator, = 2 = —— —_472— 
cop of the refrigerator, y 5 559424 472 


The practical realisation of a reversible Carnot refrigeration cycle is difficult. 
"The heat-transfer between the working gas and the surroundings under isothermal 
conditions is quite difficult. The heat-transfer becomes easier if a liquid is allowed 
to vaporise withdrawing latent-heat from the surroundings or vice-versa. This 
is why in most practical and commercial refrigeration cycles, the working medium 
of the engine is liquid-vapour. 


B. Vapour Compression Refrigeration 


For a good performance, the heat transfer processes in the 
refrigeration system should be at constant temperatures. This can 
be achieved to a large extent by using a vapour compression cycle 
for refrigeration. The working fluid may be in the liquid and in the 
vapour phase. The outline of the process is schematically shown 
in Fig. 4r(a). 


Qiout G 


Condenser 


Expansion 
Val 


Fig. 4r. (а) Vap. Compression (6) p-h diagram 
Refrigeration system 
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The saturated vapour (say, ammonia or freon) is taken in 
state A and then compressed adiabatically at a higher pressure and 
temperature to a super-heated vapour as at state B. The vapours 
` аге then led through a coil immersed in the coolant at constant 
pressure.*The vapour gives up heat О, to the coolant at temp Т, 
and is condensed to the liquid state at C. For returning to the low- 
pressure, the liquid is adiabatically led through an expansion value. 
The outcoming liquid at a low-pressure and temperature is made 
to pass through the evaporator at constant pressure. The liquid here 
absorbs heat О, from the surrounding cold-temperature environment 


. and turns into the saturated vapour as at А. The cycle is complete. 


The heat is removed fróm the low-temp. bath of the evaporator 
and is delivered to the higher-temperature bath of the coolant. 

| The cycle may be analysed with a pressure-enthalpy diagram 
as in fig 4r(b). P-V diagram would not help as the fluid would 
be in liquid state in some stages of the cycle. Here 


Q: = ha—hp = ha—hc , (CD being an adiabatic change) 
О, = hpg—hc 
W = 0—0, = (hg—hc)—(ha—he) = hg—ha4 


t А very ingeneous and interesting experiment has been suggested to imitate 
„such cycles (Calingáert. J. chem. Edn. 1962, 29, 405). Take an ordinary rubber 
band loop about 2 mm wide and 12 cm circumference. If you touch this loop 
- with your lips, the temp. is the same as that of the room. Now, 
(а) Stretch this band suddenly to three or four times its length and immedi- 
ately touch the loop to the lips. You will find the temp. has gone up. 
(b) Keep it in such taut position for a minute, the temperature comes down. 
loosing the heat to the surrovnding air. 
(c) Then suddenly release the stretched band to its initial condition. Touch 
it to your lips, the band will be colder than its original state. 
~ (d) Heat will now flow bringing the band to its original temp. and condi- 
tion. The cycle is complete. 
Here the energy is used to pump heat to a higher temp., where it is released. 
When the cooled band is made to restitute the work it does so at the expense 
of its own enthalpy and then heat is again absorbed from the air. 


Problems 


HP 1. Liquid oxygen boils at 90°K and liquid hydrogen at 20°К. What is the 
-efficiency of a reversible engine working between heat reservoirs at these two 
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tmeperatures? If the same efficiency be required for an engine with a cold reset- 
voir at 27°C, what must be the temp. of the source? 
Ans. 7 = 0.77, T = 1077°С. 
2. In the furnace of a large steam engine 6 x 10° Kcal/hour heat is evolved. 
The efficiency of the engine is 35%. What electrical power will be obtained from 
a dynamo driven by this steam if the efficiency of the dynamo be 95 9. The 
furnace supplies heat at 297°С and the cooling water escapes at 57°С. 
Ans. 84000 Kcal/hr. 
3. A Carnot refrigerator works between 0°C and 100°C. If 1000 joules are 
absorbed from the low temperature bath, how many calories are carried to the 
high temperature reservoir? Calculate the coefficient of performance. 
Ans. = 2.73, О, = 325.2 cal. 
4. A Carnot engine converts 4 of the heat supplied into work. If the tem- 
perature of the sink be reduced by 62°C, the efficiency of the engine is doubled. 


Find out the temperatures of the source and the sink, 
Ans. T, = 372°K, Ta = 310°K. 


5. In order to increase the efficiency of a Carnot engine, would you increase 
T keeping Т” constant, or decerase 7" keeping T constant? 


6. One mole of a perfect gas (Ср = 7 cal/mole) working in a Carnot engine 
between 1000°K, and 400°K does work of 1000 cal during isothermal expansion 
at 1000°K. What would be net work available per cycle of operation? Calculate 
the work done on the gas and the increment in enthalpy during adiabatic com- 


pression. 
‘Ans, net work, w = 600 cal, w, = 3000 cal, AH, = 4200 cal, 


7. A liquid in contact with its vapour is enclosed in a cylinder with a 
piston at temp. Т. The following reversible Carnot Cycle is then carried 
ош. (а) 1 gm of liquid is vaporised reversibly 
isothermally at constant pressure P. (b) This 
vapour (1 gm) is separated and maae to under- 
go adiabatic expansion when the temp. falls 
to T,(T' = T — AT). The vapour is next 
isothermally condensed till whole of it is liquefied 
and finally compressed to its initial state adiaba- 
tically and added to the cylinder. 


ӘР 1 
Show that or = TA 


Where] = latent heat of vaporisation per gm, assumed constant. 
[ Note : work of the cycle — area abed of the diagram = AP X Av] 


8. A nuclear power plant is planned for 8 x 105 kw апа isestablished on the 
side of Nermada river (sink). The reactor temp. is 323°C and that of the river 
water 25°C. What is the maximum efficiency? The actual thermal efficienoy 
is 80% of the maximum, how much heat would be discarded into the river? 
What would be the rise in temp. of river-water if its flow-rate be 10° litre/sec. 
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The maximum efficiency, Tmax = 1-25 = 0,5 


The real efficiency, 1 = 0.8(0.5) = 0.4 
8 
7. The energy produced in the reactor, Q, = 7 = M 
= 2 X 10° Kw = 2 x 10° j/sec. 
2 x 10°—8 x 10 = 12 x 10° Kw 
2.86 x 10* cal/sec. 


« heat discharged in the river, О, 


If AT be the rise in temperature, then 


Qs _ 286x 108 
mXCp — (10x 10) x1.0 


= 2.86°C 


9. A three-step ideal-gas cycle is represent- 
ed in Fig 4s. Show that the thermal efficiency 


(ValVp) — 1 


TO IM 


Fig. 4s 


10. A three-step reversible cycle consists of (i) ап isothermal expansion 
at Ti, (ii) constant-volume cooling to Т, and (iii) an adiabatic compression 
to the initial state. Calculate the work per cycle using 1 mole of an ideal-gas. 
qunm 
ттт) 

11. (а) Ап air-standard Otto-cycle has its compression ratio raised from 
5 to 6. Show that the Percentage increase in its efficiency is about 8 EA 

(b) An air-standard Otto-cycle and a diesel cycle both have the same com- 
Pression ratio. Which one will have a higher efficiency ? 

12. A Carnot engine develops 3 hp and rejects 9000 Btu/hr to the sink at 
60°F. What is the temperature of the source? (1 hp = 424 Btu/min) 

Ans. 501°F 

13. A. Carnot's engine whose low temperature reservoir is at 12°С has an 
efficiency of 40%. It is desired to increase the efficiency to 60%. By how many 
degrees centigrade should the temp. of the reservoir at the nigher temperature 
be increased? (C.U. Phy. Hons. 1964) Ans, 237.5. 

14. What is the best efficiency of a refrigerator working between 20°C and 
—10'C? What minimum work has to be done to enable it to withdraw 1000 cal 
from—10°C and reject the heat to the surroundings at 20°C ? 

‘Ans. = 8.8,w = 114 cal. 

15. A heat pump is used to supply heat to a room at 27°С by extracting the 
Same from cold air outside at 7°C. What amount of work would be necessary 
for supply of each kilocalorie of heat to the room? Ans. 277.2 joules. 


Show that its efficiency, s 7 = 
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16. A heat pump is used to maintain the temp. ofa building at 80°F, when 
atmospheric temp. is 10°F, Heat losses from the building is 69400 Btu per hour. 
The heat pump efficiency is 45 percent. What is the actual coefficient of per- 
formance of the heat-pump? If electricity sells at 10 paise per kw-hour, what is 
the cost involved per hour? [ 1 kw-hr. = 3412 Btu/hr. ] 

Ans, ij = 3.47, Cost = 59 paise. ` 

17. A Carnot engine is supplied 500 cal/cycle from the source and it operates 
"between 727 and 27°С. Sixty per cent of the work output is used in running a 
heat pump which removes 1050 cal/cycle from the low-temperature lake and 
rejects the same to the surroundings at 27°C. Find the temp. of the lake. 

) Ans. —23°С. 

18. (i) Determine the cop of a heat-pump operating between 20 and 80°F 

"which nas a power input of 4 hp. 
(ii) The thermal efficiency of a Carnot engine is 4. Calculate tne Cop of 
da) Carnot refrigerator (6) a Carnot acat-pump. 

19. A refrigerator is operated between —10°F and + 81°F to produce 8 tons 
of refrigeration. Calculate the power required to operate the refrigeration plant, 

Ans. 7.95 hp. 

20. A Carnot refrigerator removes heat from a sink at 440°R and rejects 

‘the same to the atmosphere at 510°R. The refrigerator is powered by a Carnot 
engine receiving heat from a source at 1530°R and rejecting to the atmosphere. 
Determine the ratio of the heat supplied to the engine and the heat removed by 
‘the refrigerator. Ans. 0.24. 


21. An air-standard Otto-cycle has a compression ratio 8.5. The pressure 
and temperature at the start of the compression are 14:5 psia and 550*R. The 
pressure is trebled during the heat-addition step. (i) What is the efficiency of the 
cycle ? (ii) What would have been the efficiency of the Carnot engine working 
between the same temperature limits ? Ans. (i) 0.52, (ii) 0.85. 


22. Anair-standard aiesel cycle has р = 15. At the start of the compression, 
the pressure and temperature are 15 psia and 420°R, The maximum temp. of the 
cycle is 4200°R. Find out the thermal efficiency and mep. 

Ans. (i) 0.5, (ii) 177 psi. 

23. A hotel at Sirla is maintained at a constant temp. of 77°F, when 
outside temp. is 23°F, by a heat-pump with a 60% efficiency. The heat loss is 
68240 Btu/hr. Calculate 

(i) tne true coefficient of performance of the heat pump 

Gi) Cost per day of electricity bill at the rate of 20 paise per kw-hour. 

[1kw-hour = 3412 Btu-hr ] Ans. (i) 5.96, (ii) Rs. 16.10. 


CHAPTER 5 


_ ENTROPY 


A better approach to the understanding of the Second Law 
is possible through the introduction of a new thermodynamic 
function, called entropy. We shall first attempt to follow the steps 
which lead us to the concept of this function. 


5.1. 5q is not a perfect differential but 5q/T is a perfect differential 

We have seen in Sec. 1.8, that the amount of heat 8g absorbed’ 
or evolved during the change of a system from one given state to 
another given state depends on the way the change of the system 
is carried out, i.e., ôg depends on the path of the transformation. 
Therefore 8g cannot be a perfect differential. To illustrate ; (small 
thermal change is ôg and not dq). 

(i) Suppose a quantity of a perfect gas (say 1 mol) undergoes. 
a reversible expansion from volume V, to V, when the temperature 
changes from T, to T,. From the First law, A 

ôq = dU i PdV 
П 
ог 4 = T dU + xim 


5 

Г CvdT + +f" RIdlnV des (S lp 
п 
ог | ба = Cy(T,— m ЕТА nV 
1 


The integral on the right-hand side, К RTd nV cannot be 


1 
evaluated unless we know the relation between T and V. Ҥ T be 
constant (i.e., isothermal change), the integral will have one value, 
and if T changes during the process, the integral will have different 
П 


values. Thus the magnitude of ôq depends on the way the 
А 1 
expansion is carried out. 
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Now, dividing the equation (5.1) by Т, we have 


п Т, 
м ү т, 


y, 
dT Ts i Era Ve 
МОТ va Rd In = Су = + RIn > 


Ti Y, 


Ti 
4 8 А 
Тһаї 15, ү for a given change from state I to state [I can Бе. 
- evaluated without any reference to the path of the transformation. 


Hence ЕЗ is independent of the way the change is carried out, 


though f 54 is not. It is to be remembered that the heat-change- 


5q takes place in a reversible way. 

(ii) We can also arrive at this conclusion in other ways. Con- 
sider a Carnot cycle as represented in Fig. 5a in which ab and cd are 
the isothermals at temperatures T, and 
Т»; bc and da are the adiabatic stages. 
Let ôq, be the heat supplied to the work- 
ing system at Т, and ôq, be the heat 
rejected by it to the sink at Т,. All steps 
_ аге reversible, We know, in a Carnot 
cycle, 


M. ТТ, op д 00 


n 7A T, T, Т, 
(8g, is negative as it is rejected by the Fig. 5d 
system.) The Carnot's cycle 


Now let us confine our attention 
to the change ofthe system from the point а to the point c and 
attempt to find out the ratio of the heat-change to {һе temperature 
at which the thermal change occurs. We can proceed from a to c 


either along abc or along adc. 
Along the path abc, we have the isothermal ab, when heat- 


change ôq, takes place at T;, followed by adiabatic change bc having 
no heat-change. Hence, 
heat-change _ 54) ee ôq, 
Я temp. Т, Т, 
Along the »ath adc, the adiabatic ad involves no thermal change, 
but along the isothermal dc, remembering reversibility, heat absorbed 
_ would be 8g, at temperature T. Hence, 
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heatchange. — 4 n _ 5% 
temp. T Ts 
8g, en ЕГА 
Bat T; = Т, Е 
That is, the ratio of the heat-change to temperature, 3g/T is 
the same whatever path might be followed by the system in its, 
reversible change. Hence, 5q/T is a perfect differential. 
This reminds us of the First Law, AU — q—w, where we 
found that however q and w might vary individually, the difference 
*(q—w) is a constant for a given change of a system. This constancy 
is the basis of the First Law and leads to the definition of energy, 
а state function. Likewise, for a giver change, however qr and ТОЁ 
may very individually, the quotient q,/T is a constant. This cons- 
tancy, we shall see, is the basis of the Second law. 
Moreover, if we consider the four steps of the entire Carnot 
cycle, the sum of 3g/T-values would be (remembering dq, beat 
leaves the system at ТУ), 


ёа _ ôq 8g. ` ôq: ôq. 
2 rae +0-ү+ E _ % 


Ri A 
We know, in a Carnot cycle, & = de hence A -o 
P 3 
82-16 
ог, 2-0 2. (2) 
:5.2. Definition of Entropy x 


{tis then obvious that the system has a thermodynamic function 


Whose change, measured by E is independent of the path of — .J 


transformation of the system. Such a function should be a state 
function. This function has been called entropy by Clausius and is 
-denoted by the symbol, S; Its change (dS) is measured by the ratio 
of the heat-change and the temperature at which tbe heat-change 
Occurs, i.e., : 

dS — Es (the subscript r indicates reversibility) 


Af the heat-change occurs at different temperatures, then 
x ёд Sq; 843 Et. 9g, 
S Go Gb bees D 


or fas = f% 
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We can then say : : 

(i) Entropy S is a thermodynamic function, whose magni-- 
tude depends only on the parameters of the system (like 
U or Н). S is thus independent of the past history of the- 
System and can be expressed in terms of thermodynamic 
parameters (Р, V, Т). 

(ii) The entropy-change dS is a perfect differential. Its value: 
depends only on the initial and final states of the system, 
independent of the path of the change. 

(ili) The entropy-change is measured by the reversible heat- 
change of the system divided by the temperature їп absolute- 
scale, i.e., dS = 84rey/T. 

(a) when heat is absorbed by the system, 5q is positive. 
T is always positive. Therefore, entropy-change dS” 
is positive. Absorption of heat increases the entropy 
of the system. Hence the rejection of heat by the 
system leads to a decrease in its entropy. 

(b) During adiabatic changes, (54 = 0), the entropy- 
change is zero. Tne reversible abiabatic changes are 

_ called iso-entropic changes. 

(iv) Entropy is an extensive property. If s denotes the entropy 

of 1 gm. mol, then the entropy of m gm. mols would be 
S = ms 

The entropy is expressed as cal|degree, which is often stated’ 
as entropy units, e.u. 

It is very important to remember that the change in entropy 
must always be computed by taking the system from the initial to. 
the final state by а reversible path. Since $ is a state function, its. 
change ( AS) for a given transformation will be the same by whatever 
path the system changes reversible or irreversible, The ratio of 
heat absorbed to temperature ба/Т, is not the same for the reversible 


and the irreversible change, i.e., | m * [m The entropy- 


change is only equal to { Me. 


This introduction to entropy through a consideration of heat- 
engines is the classical approach. It is important to realise that 
in the statements made above, only the ‘entropy-change’ is. 
defined and not the absolute entropy. Nevertheless, the expression. 
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«dS = 8q;[T would be found extremely useful in dealing with various 
phenomena and functions as an excellent tool in building up diverse 
relations for the properties of a system. It resembles the internal 


energy whose change is defined as the adiabatic work but its absolute MD 


value remains undefined. A more fundamental approach to entropy 


is based on the probability concepts of statistical mechanics of а 


-atomic or molecular compositon of the system, This will be dealt 
with later. 


25.3. Entropy-change in reversible cycles 
For a Carnot cycle, it has been shown in eqn. (5.2) 


2 69m _ 
dia 
іе, jo =0 К. (52) 


‚ The entropy-change in the reversible Carnot cycle is nil. 

We can now proceed to show that the entropy-change in 
-any reversible cyclic process is zero. Consider a system under- 
-going a reversible change along the path ab in the P-V indicator 
diagram (Fig. 5b). Let us confine our 
attention to an infinitesimal change LM 
in the path ab. This small change may be 


LM supposed to be composed of an isothermal 
S E change LN followed by an adiabatic change 
b NM. In this way, the entire change ab 


may be regarded as composed of alternate 
isothermal and aliabatic changes. 


— Now suppose we have a reversible 
: Cyclic process, not necessarily a Carnot's 
Fig. 55 cycle, represented by apbcra in Fig. 5c. We 


"may regard the changes apb as well as cra consisting oflarge number 
of infinitesimal isothermals followed by adiabatics. The adiabatics 
-along apb may be joined to those along cra. This would turn the com- 
plete cyclic process into a large number of Carnot’s cycles. Take any 
‘one of the Carnot's cycles, say Pqrs, Where pq and rs are the isother- 
-mals with heat-changes, ôq, at T, and ôq, at T, respectively. The 
-heat-changes along the adiabatics Ps and qr are nil. 


Then, for the Carnot’s cycle pars, 5 + 36 


OR 0 
T; ps Ty 
(8g-terms carry theit own signs) 


Sp 


#7 


ENTROPY 143 


For other Carnot's cycles,. similarly, 
Bo' Й 
аа Ваа 0; 50 0; and so ол. 


Fig. 5c 


‘Hence for the complete reversible cyclic process, 
ôq i їй; 
2 т ^9; or $ = 0 
{45 n 21. (54) 


ie., In апу reversible cyclic process, the net increase in entropy of 
the system is zero. 


5.4. Entropy-change of the universe 

When we speak of the entropy-change of a cyclic process, We 
consider only the working system but do not take into account the 
entropy-changes in the source and the sink, i.e., the surroundings. 
"When heat transfer takes place, the surroundings also gain or lose 
heat and their entropies also change. The total entropy-change 
which would cover the entropy-changes in the working system as 
also in the surroundings is named the entropy-change of the universe. 
Hence, the entropy-change of the universe, 

AS ina ASeystem ЕЕ ANS surroundings 

"Let us again consider the Carnot's.cycle (Fig. 5а) in which the sur- 
xoundings are the source and the sink. 
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Now, the loss of entropy of the source = м. 
1 
the gain of entropy of the sink = M 


Net entropy change of the surroundings, 
, ASsurroundings me in + Pit z:0 (eqn 52) 
1 2 


(8g-terms include their own signs). 
We already know, ASsysten = 0 

7 ASuivese = ASsystem + ASsurroundings = 0 
Hence net entropy-change of the universe in a reversible cyclic process: 
is zero. 

Again, the net entropy-change of the universe for a single rever- 
sible process is also zero. 

When the source supplies heat 5g, to the engine, reversibly, 


the increase of entropy of the engine = эп 
1 
the loss of entropy of the source = а 
1 


That is, the net entropy-change іп the reversible transfer of heat 
from the source to the engine is nil. The same result is obtained: 
when the engine rejects heat to the sink. 


5.5. Entropy-change in Irreversible Processes 

The entropy-change (dS) is a prefect differential, the entropy- 
change of a system from a given state I to a given state II is always 
the same irrespective of the path. Only if the path be reversible; 


the change would be given by 
п 


п 
"Де. SS vas 2 
1 1 T 


Hence in order to compute the entropy-change of a system in ат 
irreversible process, we may conceive of taking the system from 
state I to state II along any reversible path and then divide the heat 
absorbed at each point by temperature and sum up the quotients. 

It may be categorically stated that in any irreversible process, 
there would be a net increase in entropy. Some simple processes. 
would illustrate it. 
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(b) Irreversible flow of heat. Let a heat reservoir at temperature 7; be brought 
in contact with a second reservoir at a lower temperature, say at Ts. A small 
quantity of heat, say g, passes irreversibly from A to В. 

The decrease in entropy of A = q/T, 

The increase in entropy of В = q/T; 

q d WaT 
T. 
The irreversible flow of heat leads to an increase in entropy. 

We can also devise a method for transferring @ heat from A to B 
in a reversible way and then evaluate therefrom the entropy-change. Take an 
ideal gas in a cylinder and keep it with the hot reservoir at T, and reversibly q 
heat is taken up. [ For simplicity we presume that the heat reservoirs have 
large heat capacities, so that heat-change д scarcely affects their temperatures] 
The gas is then removed from A and allowed to expand reversibly and adiabati- 
cally until its temperature is Ts. It is then brought in contact with reservoir B 
and compressed isotbermally till д heat is given to B. 


= + ve quantity. 


The net entropy-change of the two reservoirs = E c x which is the same 
2 1 


as before and positive. 
The net entropy change of the gas-system = га = 4, hence — ve. 
1 2 

The total entropy-change of the gas and reservoirs together is nil, for the 
whole is 2 completely reversible cyclic process, 

(ii) Irreversible isothermal expansion of an ideal gas. Suppose n moles of 
an ideal gas is enclosed in a vessel A of volume v,. The vessel is connected through 
a stop-cock to a completely evacauated vessel B of volume vs. The temperature 
is T and the system is insulated (Fig. 5d). 

If the stop-cock is opened, the gas would spontaneously irreversibly expand 
to the volume v, + va. The work w is zero, and the heat supplied (g) from surroun- 
dings is zero. Hence AU is zero and temperatitre remains unaltered. 


а= Ай+» = 0 
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Now if this expansion of the gas were carried out reversibly at Т°К. from 
volume v, to volume (v; + уг), the heat absorbed, i 


E 
CAU RTA EO = o4 RTI "i 2 
1 1 
5 а уу, 
El ASsystem = En = Rin y 


Since dS is a prefect differential, A Sirr (system) would be the same. 
"The surroundings has по thermal-change, hence А5, = 0 
Hence in the irreversible expansion of the gas, 


“+ Ys Yit Ys 


+0 = Rin = ven 


Va 


ASuniv = ASsys + ASsure = Е In —— 

(iii) An irreversible cyclic process. pe a cyclic process, © 
similar to that of a Carnot cycle, in which one or more of its stages — 
are performed irreversibly. Let ABCD denote the cycle in Fig. 5e — 
in which AB and CD are the isothermal stages. Let us further 
suppose, the absorption of heat 5¢,* by the system at temp. Т, from ` 
the source along AB is irreversible. The rest of the stages are carried 
out reversibly. The asterisk (*) would indicate the irreversibility, 
otherwise the transformation is reversible. The heat 8g, is given up — 
to the sink at temp. T, along CD. | 

This is an irreversible cycle and hence the efficiency of the engine ~ 
is less than that of the Carnot cycle, or, 1 


8g*—8p, ТТ, 84, _8@* N 
am Re Т, Т, > 0 EU 


"When the cycle is completed, the engine has returned to its initial q 

state, 
2 A Siyem = 0 

Now consder the surroundings and find out the g/T terms. 


—3$7.* 
It is 9n for the source and En for the sink. 
Тү 23 


Hence, for the surroundings, > 52 2. а. Mit 
Т» Т, 


‚ which is, 


from (i), greater than zero, i.e., pat ee 

The heat-change of the sink is reversible. The heat 59,* from 
the source was taken by the system irreversibly. The source has 
lost ôq,“ and its entropy has decreased. The entropy-change of the — 
source from А — B would be evaluated as stated earlier by supposing — / 
the loss of heat 54, occurred reversibly and consequently 3 


А\бошсе = —89;*/T;. 
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Or, we cansay, AS, = Fhe inc 
2 1 


In this irreversible cyclic process, therefore 
Лошу, = ASsysiem + Аш. = 0-- Д\$шут, > 0 


In an irreversible cyclic process, there would occur a net increase 
in entropy. 

It sbould be clearly understood that spontaneous changes shall 
take place in a direction where there would be net increase in entropy. 
It may so happen that the system would undergo a real decrease 
in entropy and yet the change would be spontaneous for the change 
in entropy of the system and the surroundings would be positive. 
If the net entropy-change is negative, the transformation will not 
occur. 


(iv) An irreversible adiabatic process, We can say, for an itreversible process, 


ASusiv. = ASsystem + Дашт, > 0 


It is easy to see that during an irreversible process the entropy of an isolated 


system will also always increase. 
For an irreversible process, we have seen, 


ASsystemn + ASsurr, > 0. 


Since the system is isolated j.e., thermally insulated from the surroundings, 
the latter will have no change in entropy i.e., ASsurr, = 0. Hence, 


ASystem > 0. 


That is, in an irreversible adiabatic transformation, the system will increase 


in its entropy. 
In other words, the entropy of an isolated system can never decrease. 


(v) Fall of a weight. Not only in the transfer of beat-energy, but other 
irreversible processes lead to the same conclusion. When а weight falls freely, 
the original potential energy is transferred as heat (q) to the surroundings as it 
strikes the ground. The net change in entropy is positive and is equal to the 
heat transferred divided by the temperature. But this operation may be made 
reversible by attaching, through a pulley, another slightly smaller weight. The 
first weight would slowly come aown and most of its potential energy would be 
gradually transferred to the second, The process is reversible. The total change 


in entropy would be practically nil. 


^ 
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(vi) Irreversible flow of heat through a resistor. Let us consider the chemical 
process : Zn + Cutt — Си + Zn** as it occurs in a Daniell cell. 

i The whole process may bé considered as a 
transfer of two electrons from the zinc atom 
to tne copper ion. Suppose the electrodes are 
connected through a resistance immersed in а 
large reservoir (Fig. 5/). When the current is 
switched оп, the electricity produced at the 
expense of the chemical process would be con- 
verted into heat and raise the temperature of 
the reservoir from T to Т“. The cell does not 
gain or lose heat energy but the reservoir recei- 
ves heat, Ag. Hence, net gain in entropy : 


Since 7” > T, there is a net increase in entropy. 


These results clearly indicate that all processes proceed in such 
a direction that the net entropy-change is positive, and approaches 
Zero when the process is reversible. In no process, the net entropy 
would decrease. This may mathematically be expressed as 


AS > 0 pine Gy 


This aspect of the Second law that in all spontaneous changes entropy of 
the Universe increases helps us in predicting whether a particular reaction will 
take place or not. 

Suppose we have a saturated solution of a salt which is completely isolated 
from the surroundings, could it crystallise? Now, crystallisation involves decrease 
in entropy. The system being isolated, A Ssurr = 0. But A Siney cannot be negative 
hence in such a condition crystallisation will not take place. 

Again suppose a hot boay (T) comes in contact with a cold body (Т”). Could 
some heat flow from the colder to the hotter body? If it flows, loss of entropy 
for colder body = g/T’ and the gain of entropy of hotter body = 4/7. 

ONE ESA 
m e 
Not possible. Heat would not flow from the colder to the hotter body. 

Ther are cases where apparently a system under consideration seems to 

lose in entropy. For example, when NO spontaneously reacts with oxygen. 


q 
The entropy balance — T^ whicn is negative and hence 


entropy decreases. But if we consider the gain in entropy of the surroundings. · . 


also, there shall be a net gain in entropy. 


-Entropy and the Second Law : We are thus led to believe that 
in every irreversible process, if we sum up all the entropy-changes. 
in the different parts of the system and the surroundings, tbere 
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would be a net rise in the total entropy. In nature, the processes 
occurring spontaneously are all irreversible. Therefore, the spon- 
taneous changes in nature would always cause entropy-increase. 
Thus, the fall of an apple from a tree, the flowing of a river downhill, 
the rusting of iron, the dissolution of sugar in water and so on, 
are all spontaneous and irreversible changes and these would lead 
to an increase in entropy. In other words, we may say, a natural 
process will take place in a direction in which the entropy would 
increase ; or, a process which would not raise the entropy of the 
universe, will not spontaneously occur. However, in all such changes 
the energy may be transformed but the total quantity remains cons- 
tant. This is why the two laws of thermodynamics are often stated as, 


(а) First Law : The net energy of the Universe remains 
constant. 

(b) Second Law: The net entropy of the Universe tends to 
а maximum, 


5,6. Principle of Caratheodory 


In expounding the Second Law we have followed the traditional method 
of starting with the empirical knowledge that heat flows from higher to lower 
temperature and that perpetual motion of the second kind is impossible. Use 
of Carnot’s ideal engine led to a mathematical formulation of the law which 
was subsequently aeveloped by Kelvin and by Clausius to define a new function, 
‘entropy S, such that, 87 = TdS. This treatment is most welcome to physicists 
and engineers, but those who prefer axiomatic development to empirical know- 
Jedge, the treatment is unsatisfactory. It was Caratheodory (1909) who enunciated 
a theorem from which a mathematical deduction of the Second Law was rendered 
possible, without the aid of any agency like engines. We shall mention here, 
without going into any detailed description, a very brief outline of Caratheodory's 
principle. { 

If a finite space is contemplated with rectangular co-ordinates (x, у, 2), then 
the theorem of Caratheodory states: 

“In the neighbourhood of any given point, Po, there are other points P which 
are not accessible from P, along solution curves of the equation, 

A (x, у, z) dx +B (x, y, z)dy-- CO, Y, z)dz = 0, if, and only if, the equation 
is integrable,” i 

Such an equation becomes integrable if it be equivalent to a single finite 
relation, F(x, у, 2) = constant. It can be shown that this will hold if there are 


functions, F(x, y, 2), А(х, у, 2) such that 
дах + Bdy + Са: = MF { 


The mathematical treatment is rather involved and beyond the scope of this text. 
But the theorem can be extended to a physical system in the following way. 
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Suppose х, у, z are the thermodynamic co-ordinates which determine the state of 
the system. Then, the First Law may be expressed as, 


8q = Adx + Bdy + Cdz 
4, B, C being functions of x, y, z. Under adiabatic conditions, 3g = 0. 
Л Adx + Bdy + Саг = 0 
Applying the theorem, we can say, у 
“In the neighourhood of any given State Р, of a physical system, there exist 
other neighbouring states which are not accesible from Р, along adiabatic paths. 
This is permissible, if and only if, two other functions L and M exist such that 


Аах + Вау + Са: = LdM, or 3g = ГАМ. In reality these two functions 
are T and S, so that 


8q = TdS 
which is our familiar form of the Second Law. It is hence possible to enunciate 
the Law using Caratheodory’s principle which introduces the function 5. 

Ме сап examine it a little further. Suppose 24, 84, etc, be the quantities of 
heat taken up by different parts of a system (heterogeneous systems not exclud- 
ed), then the total heat 3g entering the system is given by: 

8q = 89, + qa + 84+... 


From the first law, each 3g-term may be expressed as 


8g, = (=) dz, + p,dv, 


where Z, . . . etc. are variables for U,. 
Hence, 3g may be written as, 
84 = 214, + 234: +... 


where 21, Z, are functions of variables determining the state of the whole system. 
It may be remembered, in an adiabatic change XZ,dz, = 0. 

Take a system containing a single substance and for the sake of simplicity 
let it be a system of a mole of perfect gas. Then 


RTdy 
8q = CAT + pdv —C,T + TUE 
The rt. hand side is not generally integrable, but if we divide by T, then 


Rdv 
x = с, + ——. becomes integrable and we nave a definite value for 


8q/T. Let this be expressed by the symbol S and be called entropy. Obviously, 


M 2 (а 
т ~ fom ands [7 


or èq = TdS 


7) 
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We have come to this result without assuming the Second Law or the use of heat- 
engines. The multiplying factor 1/T which makes the expression integrable is 
called the ‘integrating factor’. Since 8@ = Tds, and in an adiabatic process 
8q = 0, hence dS = 0, ог S is constant. 

In other words, in an adiabatic process, all the states that may arise must 
be represented by co-ordinates of the curve having a constant S. Any state 
represented by a point outside this curve, even very close to it, cannot be reached 
by an adiabatic change. This substantiates the principle of Caratheodory. But 
more interesting is the fact that this can be extended to systems defined by more 
than two variables. 

Suppose two systems К, K’, whose variables are уу, T, and vs, Т, are brought 
together. If these be in thermal equilibrium, Т, = Te = T (say). There are, 
therefore, three variables for the whole system. Then, 


èq = 84: + 84» 


And for individual systems we know, 8g, = T,dS, and dg, = 7,453. 
For the whole system, 


Be (®- d n) d» + (22 + ps) dw + Ge 


In adiabatic transition, the rt.-hand expression should be zero. The adiabatic 
process is subject to the condition, 


Adv, + Вау» + Сат = 0 


where A, B, C are functions of the variables, vı, v. and T. 

Now, the conaition 8q = 0 is possible only if there be definite points which 
can be reached by adiabatic process and no other point in the neighbourhood is 
accessible by the adiabatic change. In tnese circumstances, Adv, + Вау, + Сат 
= 0, implying dS = 0, or S is constant. 


We can then say, 84 = TdS or TdS = TjdS, + Т5. 


for the given system. 
Since T, = T, = Т, we have dS = d(S; + 8). We can thus conclude that 


for any such system there exists a function S.** 


5.7. Entropy and the available work 

A little reflection would reveal that with the progress of an 
irreversible process, the possibility of obtaining work from a system 
diminishes. 

Suppose there are three heat reservoirs at high temperatures 
Tu Tz, and Т, such that Т, > T, > Ts. There is also another heat 


**Caratheodory, Math. Annalen, 67, 355 (1909), Buchadahl, Am. J. of 
Physics, Jan, 1949. 
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reservoir, the sink, at a lower temperature Т (Fig 5g). Let there 
be a reversible engine working between the Ist reservoir at T, and 


Reservoirs 


Fig. 5g 


the sink at T and let the quantity of heat supplied to the engine 
from the source at T, be Q. Then we know that the maximum 
work available would be, 


n- oF) 


Let us imagine next that the heat О have flown down irreversibly 
from the Ist reservoir at T; to the second reservoir at T} by conduction 
ог radiation before being received by the engine. Now, suppose we 
engage a reversible engine to work between the second reservoir and 
the sink and let the engine receive the same heat Q from this source. 
The maximum work available would be, 


m= o[1-z] 


Similarly, if the heat О flows down irreversibly to the third reservoir 
at T, and then supplied to a reversible engine as before, the maximum 
available work would be 


vp T 
m = [1-7] 
The amount of work available from the same quantity of heat 


supplied are different. Since T, > T, >T; it is easily seen that 
Wi > W, > W,. 


ENTROPY 153 


This means that the lower the température of the reservoir to 
which the amount of heat Q would irreversibly flow, the lesser would 
be the yield of work. If in this way the same heat Q flows down to 
a reservoir at. Т (the same as that of the sink), the available work 


T W= °( 1 -3) | would be nil. Though the quantity of heat 


remains the same, yet due to its irreversible transfer from the higher 
to the lower temperature, its potentiality of being converted into 
work is diminished or degraded. This is why the first law is ‘often 
called as the law of conservation of energy and the second law as 
the law of degradation of energy. 

Let us come back to the question of the availability of work. 
Due to irreversible flow of heat from Т, to T, the decrease in the 
amount of available work, 

AW’ W.-W, = О [2 — -zl- OT AES (а + ve quntity) 

Again, due to the irreversible flow of heat, the increase of 
entropy, 


"S о wo Q d Tinh 
HE, T, T, g TiTa 
By substitution, AW' = TAS isst (9.6) 


That is, the energy rendered unavailable as work is propor- 
tional to the entropy-increase. The higher the level of entropy, the 
lesser would be the availability of work. The entropy-rise is à 
measure of the unavailable work. 

A system left to itself will irreversibly approach the state of egm, 
with consequent increase in entropy. Ít has just been shown that 
with increase in entropy, the unavailability of work from the system 
also increases. When the system attains eqm, tbe entropy reaches 
its maximum value and the availability of work becomes nil. The 
entropy thus reveals the state of the system as to its capability of 
yielding work. Since entropy (S) reaches its maximum at ест, 
for any virtual change of the system at едт, dS = 0. 


5.8. Concept of Entropy 

From our previous discussion, we have seen that entropy is 
a state function and it has two characteristics. Firstly, in any spon- 
taneous, and hence irreversible, change the net-entropy always 
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increases. Secondly, every system always tries to attain equilibrium 
and as the system approaches equilibrium, its entropy increases. 
When eqm in reached, entropy becomes maximum and constant. 
At the same time, with approach towards equilibrium, the capacity 
of the system to yield work goes on diminishing and at equilibrium, 
no work is available from the system, as if the system is coinpletely: 
exhausted or run-down. Entropy is thus an index of the condition 
or character of the system. 

To wit : The amount of available work from a given heat- 
source diminishes with fall in temperature of the source. When 
the source and the sink are in thermal equilibrium i.e., same tem- 
perature, the entropy is maximum but the available work is nil 
(Sec. 5.7). That is, the more the system is run down, the greater 
is the entropy. Again if we take a voltaic cell and complete the 
circuit externally, we obtain electrical work so long as there is a 
potential difference between the two electrodes. With the perfor- 
mance of work, the potential difference between the two electrodes 
diminishes. When the two electrodes attain the same potential, 
the entropy increases but the cell is completely run down and would 
yield no work. This is why the entropy is considered as the run- 
down-ness of a system. 

A better understanding of entropy emerges when the system 
is looked at from the kinetic molecular hypothesis. A system, when 
it attains equilibrium, has maximum disorder or chaos of its cons- 
tituent atoms or molecules under the given set of parameters. That 
is, the state of equilibrium means a state of maximum chaos. For 
example, (i) if a gas confined in a flask is allowed to expand freely 
into another flask attached to it, the motion of the molecules of 
gas becomes more random or chaotic and we have seen the entropy 
of the system increases [ Sec 5.5 (ii)]. The entropy increases with 
increase in the disorder. (її) Again, if we let loose a small amount 
of yellowish green chlorine gas in this room, it will immediately 
spontaneously diffuse througb the entire air until equilibrium is 
attained i.e., its concentration becomes the same at every point. 
This spontaneous mixing leads to an increase in entropy (Sec. 5-14). 
Exactly similar are the processes when a syrup gets diluted by 
diffusion in the water added to it or a piece of zinc added to dil. 
H,SO, dissolves. (iii) If one end of a poker is placed in an oven, 
the red hot end distributes its heat and raises the temperature of 
the entire rod. The rise of temperature means more vigorous motion 
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of the atoms and meantime the entropy rises by acquisition of heat. 

(iv) Arrange a number of red and black balls in a tray side by side 

and then shake the tray vigorously for some time, the two types of” 
balls would mix up in the most disordered fashion. This is irrever- 

sible and the opposite would not happen in nature. The entropy 

increases, 

The more a system approaches equilibrium the greater is the 
disorder and irreversibility. When equilibrium is reached it has 
maximum disorder. The entropy also goes on increasing and reaches 
its maximum value at the equilibrium state. In other words, the 
entropy is a measure of the disorder of the system or it may be called 
a measure of the mixed-up-ness of the system. 

Conversely, when we attempt to bring order to 
a system entropy diminishes. Suppose we bave a 
gas in equilibrium confined in a cylinder with a 
piston. The piston is now somewhat raised up- 
wards increasing the volume slightly. All the mole- 
cules, in whatever direction those might be moving, 
are subjected now to a tendency of motion in the Fig. 5h 
direction of the piston. This is indirectly an attempt um 
to bring some order. In consequence, the gas is cooled and the 

. entropy decreases. We shall see later, in the crystalline state of 
pure substances the entropy becomes the least as there is perfect 
order or least chaos. 

Tn a solid, the atoms remain in a perfectly ordered arrangement. 
When the solid melts, the atoms (or molecules) move to some extent 
freely and randomly, i.e., disorder increases. And during melting, 
the entropy increases from absorption of heat. Similarly when a 
liquid vaporises, the molecular motion in the gas phase becomes, 
most chaotic. Meanwhile, the entropy increases, i.e., AS is positive. 
Thus, 


Ly | 78x303 


T. ma 8.4 елм. 


(a) in the melting of benzene, AS = 


i OE Ly _ T8X131.5 
(6) inthe vaporisation of benzene, AS = 7 32 29.04 e.u. 


The increase in entropy is thus a measure of the disorder in a 
system, A precise and mathematical relation between this disorder- 
and the entropy will be discussed in a later section. 
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5.9. T-S diagrams 


Usually in the graphical presentation of the state of a material E 
system, the variables P and V are employed. But it is also possi- * 
ble to use the variables 18 
and 7 instead, plotting (ете 
peratures along the Y-axis 7 
and entropies along the X- 7 
axis. In such representation, р 
an adiabatic-change will be В 
a vertical straight line pa- ^ 
rallel to the 7-ахіѕ and an 
isothermal change will be a 
horizontal line parallel to” 
the S-axis. | 

The Carnot’s cycle then — 
will take the rectangular form і 

Fig. 5i as shown in Fig. 5i. 4B | 
у апа CD аге the isothermals 
while BC and DA are the adiabatics. 

In the isothermal change AB, the heat (Q,) received from the source, 

Qı = TAS = T(S,—5, = АРхВА = area АВРО 
-and during the isothermal compression, the heat (О) given out to the sink, 

Q: = TAS = T($,—5,) = DPxDC = area CDPQ. 
Hence, work W = Q;—Q, = area ABPQ—area CDPQ = area ABCD. — 

The area, ABCD enclosed within the 7-S diagram denotes the work, -— Я 
This is also employed іп other types of cycles. e.g. Otto-cycle or diesel cycles | 
"(See diagrams 4j and 4m). d 
Eine Compare the efficiencies of the cycles арса in the figures I and Ш | 
M үу DA | 
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In I, the heat supplied, [area abgp] = T,(S:—S,) + 7—71) (Sa =S) - 
and the work obtained = (7—7) (53—55) 
T-T) (Se— S) Т.Т, 
TaT) (5—51) + Ti(S2—Sy) T+T; 
In II, the heat supplied [area abpg] = Ta (S2—S:) 
and the work obtained = 3(7:—T7;) (S:—S,) 
T-T) (5,5—5) _ 7 —Т, 


bey 


n є = 


TX(Ss—51) Fare 
era 2T, 
Wiest Te Ty, 


5.10. Entropy relation with Internal Energy and Enthalpy 
Sqr 


By definition, ТУШ. 45 
or 8g, = TdS EPE (S) У 
From the First Law, ба, = dU + Рау 
ог dU = 4. —PdvV 
i.e. dU = TdS — Раў КОШУ ЄР 
aU, | 9UX i. 
Hence, (3), = там — (27), =Р 1060519) 


These аге important thermodynamic definitions for temperature 
and pressure. 
Again, for an enthalpy change, 
ан = dU + PdV + VdP = бау + ҮР 


ie. dH = TdS + Vdp 610) 
Непсе, (55), = T and (5). = VW 
5.11. Temperature dependence of Entropy 
From (5.8), TdS = dU+pdV = CydT + pdV. 
(E =; бт АЕ e Cr ат = Cyln 7: 1.162). 


Likewise, rt (5.10) , 
таз = dH — VdP = Срат — VdP 


ie DE “| Gar = Сеа 72... 5.12) 
= (ir), СЕ Рр т ) 


[ С>, Су are sibbse to EES unaltered ] 
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As Cp/T and Cy/T are positive, the entropy always increases 
with temperature. | 


“5.12. Entropy of an ideal gas 


It is possible to express the entropy of a prefect gas now from 
athe first law, 


dq = dU + Pav 
Dividing both sides by T, 
ôq _ dU Рау _ aT dV 
T TET = Сут +R (for 1 gm. mol) 
or dS = CydlInT + Rd Inv 
or S = CylnT + RInV + S, .. (5.108 


[ Where So is a constant ; heat-capacities assumed to remain unaltered.] 
Since Cp — Cy = R fora perfect gas, hence | 
5 = (C&— Ry In T - Rn 2+ s, 
or 8 = CplnT—RinP + 5, ‚ (ФИ | 
-Again, S = CpIn EK —(Cp—Cy) In P + 5, 
Crin V + Cyin P+ 5, 1.619. 


l 


It must be noted here that the value of the constant So can- 
‘not be obtained from the thermal capacities or the parameters 
alone. As such, we cannot ascertain the absolute value of the 
entropy of a perfect gas from these relations. But the changes in 
"entropy can be easily determined. Thus if the temperature of à 
-gas changes from T, to T, and volumes from V, to V, then, for - 
“one gm. mol of the gas, 


Si = Crin T, +R In V, + So 
Se = CyIn T, F Rin V, + S, 


S —CyIn 32 Ve 
AS -Cyn gi + Rin Oly 


‘For isothermal changes, AS = Ring? = Rin Py 315.48) 
1 
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‘Real Gases : The entropy may be expressed as follows: 


S = f(r,V) 
2), aT + 7), aw 


ll 


dS 


= Stars (25 y), 
mM an singu Maxwell relation (see next cbapter), 


-(E ШЖ we can write, 


түс T + (0 7) av 


If the gas be a van der Waals one, then 


( OTN И ш) 
y Vb 
dT R 
Hence, dS = Cy т + ra” 


= Cydin T + Rd In (V—b) 


. S = Cy ln T +R In (V —b) + constant 
es Т, V,—b 
AS = Cryin Т, ЁЁ « (5219) 


:5.13. Entropy of an ideal gas at standard state 


In order to give quantitative values 
for entropy, a standard state of the 
system hasto be prescribed. Usually, 
-a temperature of 25°C and 1 atm. 
pressure are accepted for the stan- 

«dard state of the system. 

If S ana S° denote the entropies 
at pressure p atm and at 1 atm for 
а mole of an ideal gas, temperature 
being consant at 25°С, then from 
«qn. (5.18), 


Fig. 5k 


j 5015, ig qup ‚.. (520) 
1 atm 
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A plot of p against S—S° (Fig. 5k) would reveal the nature of variation of 
entropy with pressure-change. We shall see later how S° can be evaluated with 
the help of the third law. This will help in estimating the entropy at any other 1 
Pressure. р 


5.14. Entropy-Change іп mixture of gases 4 
Two or more gases when brougnt in contact would immediately 
diffuse into one another and mix up irreversibly. This spontaneous. 7) 
irreversible process of mixing leads to an increase in entropy. The | 
entropy-increase is expressed as follows: В 
Let n4 and ng gm-moles of two ideal gases A and B be mixed 
а constant pressure P and a constant temperature T. Beforc mixing 
their entropies are: 
Sa = na [Cr nT — RinP + S,°] 
Sp = ng [ CpylnT — RInP --Sg?] 
After mixing, the total pressure P remains constant. The partial 3 
pressures аге p4 and рв , such that Р = ра + ps. 
The entropies of the two components in the mixture are: 
S4, na [ C» ln T—R in pa + Sa°] 
Sp, = пв[ CegIn T — R Inpp + Sp] | 
The entropy-change due to mixing ; AS» = 54, + Sg, —Sa — 52 4 
ог ASm = —n4R In (ра[Р) — ngR Іп(рв[Р) 
The total amount of the mixture, n = па + ng moles 
Hence their mol-fractions are x4 = па/и, and xg = пв/п 


Now PalP = ха and p/P = 
Hence, the entropy change, AS, = — n4 Rin Ха — ng R In xa k 
. 6.25 
ог AS, = —mR[ "4 in xq n inxs | 
= — nR [xaln x4 + xsin xg] 211622) 
In general, for mixing any number of gases, ; 
ASm = — nR Xx, In x; 2.0223 


Problem: At N.T.P., 2.8 litres of oxygen were mixed with 19.6 litres of 
hydrogen. Calculate the increase in entropy. 


2.8 litres of oxygen — ES = 1/8 gm-mole 
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19.6 litres of hydrogen = E = 5 gm-mole ; Total = 1 gm-mole 


a 


Hence mol-fraction of O, = i , mol-fraction of Н, = $ 


-. The entropy-change Ring {Е In 4 = 0.754 calories/degree 


5.15. Entropy-Change in a chemical process 


As stated before the characteristic value of the entropy of a 
substance at 25°C and 1 atm is taken as the standard entropy of the: 
same. The standard values of entropy of different substances have 
been tabulated and are readily available. 

It will be sbown later that the entropy of a pure crystalline subs- 
tance at 0°K is zero ; S^o.k = 0. 

From equation (5.13), 


By measuring Cp of the substance from 0*K to 298°K and 
plotting them against /nT, it is easily possible to compute the value 
of standard entropy of the substance (see Chap. 8). S° can also be 
obtained from statistical data. 

In a chemical process, the standard entropy-change is the 
difference of the standard entropies of the products and the reactants, 
In the reaction ; mA + nB > pC + qD, 


AS = pS°c + qS°p — mS^4 — п$°в 


To illustrate : 7 
(i) Take the reaction : SO,Cl; + НО — SO, + 2HCI 


S^?455- values 216 69.9 248 187 J/molK. 
^ AS = S?so, + 28? gci — S^sosCl, — H40 
= 248 + 2x187 — 216 — 69.9 = + 338.1 J/mole^K 
(ii) The synthesis of ammonia : }Na + 3H: — NH; 
S?-values 45.8 31.2 46.03  Cal/molK 
ЛДЕ = SNH, — %$°м, — 3S7, 
= 46.03 — 4 X45.8 — $X31.2 = —23.67_ Cal/mol°K 
11 
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5.16. Calculation of entropy-change in some simple processes 


Problem : What would be the change in entropy when 1 Kg. water at 70, 
is mixed with 2 Kg. water at 37°С in an insulated vessel? 
On mixing let the final temperature be 1°C, 
Then, 1—7) = 2x(37—1:); or t = 27°С = 300°K 
300 00 


3 
= = 2 — = 2,99 cal/°K 
The entropy-change, AS = 1000 In 280 + 2000 In 310 cal/ 1 


-Problem : What would be the change in entropy if five moles of an ideal 
gas be doubled in volume isothermally ? nA 


AS = 5 х Rin 12 = 5х 1,98 х2.303 log 2 = 6.9 e.u. 


1 И. 


Problem : What would be the change in entropy when ten gm tin is heated | 
from 293°K to 573°К. The m. pt. of tin is 505°K. Its latent heat of fusion | 
14 cal/gm, sp. heat of solid tin and liquid tin are 0.055 and 0.064 respectively. 

(i) Entropy-change in heating 10 gm. of tin from 293°K to 505°К (m.p), - 


^r sos 
AS, = mc 9t = 10 x 0.055 na = 0.2994 
T 293 
293 
(i) entropy-change in the fusion of tin, 2 
LA: 10х14 | я 
AS; = T ~~ 305 = 0.28 


(iii) entropy-change in heating liquid tin from 505°K to 573°K 


573 575 
AS; = [ a = f 10 x0.064 T = 0.081 
505 


505 
The total entropy-change, therefore, 


AS, + ASs + AS, = 0.2994 + 0.28 + 0.081 = 0.6604 e.u. 


Problem : Find the increase in the molar entropy of copper when it is heated. 
from 127°C to 927°C. The molar sp. heat of copper is given by Cp = 62+ 


0.00177 
1200 1200 
AS = J Срат f (6.2 + 0.00177) | 
i Fee М T 


1200 
= 6.2 In 100 + 0.0017 (1200—400) = 9.77 eu. 


Problem : Given, 


specific heat of liquid water = 4180 joules per kg., specific и 
heat of water 


vapour = (1670 + 0.497) joules per kg. and latent heat of | 
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vaporisation = 23 x 10° joules per kg., compute the change in entropy when 
100 Kg. of water at 27°С are conyerted into superheated steam at 200°C under 
constant atmospheric pressure. 
(i) The entropy-change in heating water from 27°C to 100°C, 
373 y Ros 
AS, — 100 CpdinT = 100 x 4180 x 2.303 log ix = 91082,2 


300 
joules/degree С 


(ii) the entropy-change in vaporisation, 
23 x 10° 
373 
(iii) the entropy-change in heating steam from 100°C to 200°C, 


f ат 4? 670. 0497) 
As: = wf Сғт = 10 | ae re ат 
373 373 У 


= 100 х 1670 DRE m ЗАТ 0.49 x 100 x (473—373) 


AS: = 100 x = 6 x 10° joules/degree C. 


= 39696 Jod °С; 
"Total entropy-change = 91082.2 + 6.2 x 10° + 39696 
= 7.5 x 10° joules per degree °C. 


Problem, A current of 10 amperes is passed for a second through а resistance- 
wire of 20 ohms. The resistance-wire weighed 5 gm. 5 its initial temperature 
was 10°С; sp. heat = 0.85 joules per gm. Calculate the entropy-change. 

Heat produced = 10° x 20 x 1 = 2000 joules 
If At be the rise in temperature of the wire, then 

2000 = 5x0.85x At, or At = 470° app. 
The final temerature of the wire = 480°C = 753°K 


753 
The entropy-change, AS = 5x0.85 In 533 = 4,16 joules/degree. 


Problem : One mole of an ideal gas is isothermally compressed at 400°K 
from 2 atm to 20 atm, The surroundings are a bath at constant temperature of 
300°К. Calculate the total entropy-change when (7) the process is xeversible 
and (ii) when the process is irreversible requiring 10% more work than jn. the 
reversible compression. a; / 

(i) Reversible Process 


Q- AU* w 0 АТИ x- (ideal gas) 
2.303 x 8.314 x 400 (—1) J 


—7659 J 
^ ASsystem = O/T = — 7659/400 = —19.148 J/°K 


[This entropy-change for the system would bethe same whether the process 
is reversible or not.] 


t Va 
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Now, ASsur = Q/Tsure 7659/300 = + 25.530 JPK 
“+ AStotar = ASsys + ASsurr = — 19.148 4 25.530 = + 6.328 JPK 
(ii) Irreversible Process 


110 


work reqd = — 7649 x БТУ Ss —8425 J 
ie, Q = — 8425 J 
We know, ^ ASsy = — 19.148 ЈК 
ASsur = О/Тзӊшх = + 8425/300 = --2808 JPK 
^ Абтош = ASsys + ASsurr = — 19.148 + 28.08 = 8.932 JPK 


. Problem : Calculate the entropy-change at 1 atm for the fusion of a mole 
of ice into water at —20°C. Given, latent heat of fusion of ice at 0°С = 
6040 J/mole. Cp, — 75.6 and Cp, = 372 J/mole-K. 


The entropy-change has to be computed in three steps 
(i) Heat 1 mole ice from —20°C to 0°С (m. pt) 


QUE) 273 
SIS [ кйш [ CpdlnT = 2.303 x 372 log 273 
T 253 
253 253 


= 5.762 J/mole-°K 
(ii) Melt 1 mole of ice at 0°C, 
Ly 6040 T 
AS, = RS aes 22.12 J/mole-°K 


(iii) Cool 1 mole of water from 0°C to —20°C, 


253 da 253 
AS; = f ay f CpdinT = 2.303 X 75.6 log 253 
Т 273 
273 273 
= —2.835 J/°K-mole 
AS = AS, + AS: + AS, = 5.762 + 22.12—2.835 = 25.047 J/mole-*K. 


Problem: One mole of an ideal diatomic gas (Cy = 5.00) initially at 
25°C and 1 atm changes to 100°C and 10 atm pressure. Calculate the entropy 
change. What will be its entropy in the final State if the standard molar entropy 
of the gas at 25°C and 1 atm be 45.80 e.u. 


@ The entropy-change due to changes in temp, and Pressure, 


AS = Соп 13. — Rin Ps. 
T, Pı 
А » 373 10 
= O7X2301g-.—.— 2 x 2303 log d 77 ew. 


(ii) At 25°C and 1 atm, absolute entropy, S° = 45,80 e.u./mole 
7. At 100°C and 10 atm, the entropy 
S = 5° + AS = 45.80 — 3.02 = 42.18 еш. 
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Problem : 20 litres nitrogen at 100 atm and 200°C expands adiabatically 
against a constant external pressure of 1 atm till eqm is attained. [Cp = 
7.0 cal/mole-^K]. Calculate AS for the change. 

Let there be л mole of gas and suppose the final volume and temperature 
be V, and 7;. 

n = P,V,/RT, = 100 x 20/(0.082 х 473) = 51.56 

Since the process is adiabatic, а = 0, hence 

AU = —W 
nCy(T,—7, = —PX«Vi— 
or nCy[(P2V2/nR)—Ty] = —PX«V;—Vi) 


o. nCyT, + PV, 51.56 х (5 х0.0413) х 473 + 1x20 
„= а = ae ee 


Р, + CyP3/R 1+.5/2 
= 1437.5 litres * 
PaVa 1 x 1437.5 
Ў = = = 339.8°К 
SUE an 5156 x 0082 — 339 
Hence the entropy-change, 
s= n| Con 2 = —Rin 2) 
А Р! Т, P, 


339.8 1 
== 2.303 х suse | 7. log —— 473 -2108 x5] 


= 352.15 еш. 
Though adiabatic AS # 0, for the process is irreversible, 


5.17. Entropy and Probability 


Suppose a small container filled with a gas, say chlorine, is 
placed at the corner of a room and its lid is removed. The gas mole- 
cules would immediately spontaneously move in diverse direction. 
The spread of the molecules will not cease after occupying only 
a quarter or half of the room. The molecules would move on until 
the whole room is filled up. The most randomised dispersal pro- 
ceeds until the equilibrium it set up. Thesystem thus changes spon- 
taneously in a direction that corresponds to a greater dispersal of 
energy. Never do we find that the molecules would return to the 
orginal container or to a smaller volume leaving the rest of the 
room vacant. The probability of the gas being fully dispersed 
occupying the whole space is much greater than the probability 
of its occupying only a fraction of the space. The direction of a 
spontaneous change is from a state with low probability occurring 
to one of maximum probability. We have further seen that at 
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eqm. when maximum dispersal occurs the entropy is also maxi- 
mum. А relation between the entropy and the randomness of 
distribution of the molecules is thus anticipated. 


A. The possible distributions : Macrostates/Microstates 


To understand the distribution of particles in a system, we may start with 
some examples. 

(i) Let there be four points p, 2, r and s to be placed in two cells x and y. 
The distribution of the four points in x and y may be made in the following 
five ways : 


That is, there are five broad patterns of distribution of the four points in the two 
cells, irrespective of which points occupy x or y, These are named ‘macrostates” 
of the system. If we now select any one of these macrostates, say the distribution 
2:2, then the possible ways of the placement of the points in x and y cells 
would be: 


(The internal arrangement within any cell is ignored.) 


Tt is thus seen that there are as many as six possible ways in which the distribution 
(2:2) can be realised. This detailed picture of the distribution of particles for a 
given macrostate is known as a *microstate'. For every macrostate there may 
be one or more microstates. 

(ii) Let us take another example. There are two dice P and Q. On rolling 
the dice, any of the six sides may turn up ; one face is just as likely to turn up 
:as another. Let the number turning up on P be denoted by P1, P2, ... P6 and 
those on О be denoted by O1, 02,... Q6. Now, if the two dice be rolled together, 
the sum of the numbers (S) turning up on the two dice may be from 2 to 12. In 
all there are 36 possible combinations, If we want a particular sum to turn up, 
(i.e. a particular pattern or macrostate) there may be one or more ways. For 
example, to obtain 512, there is only one way P606. But if want the sum to be 
eight (58), then the chances are P2 Q6, P6Q2, P305, P503, P404; that is, there 
are five *microstates' by which the macrostate ($8) can exist. One microstate is 
as possible as any other. For the macrostate (512) there is only one configura- 
tion or microstate, whereas for S8, there are five. It is thus seen that the 
macrostate which would be most observed is the most probable state. 


(ii) Let us next consider a system containing a number of 
monatomic particles. The total energy U of the system is sbared 
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by the individual particles. But according to quantum principles, 
a particle cannot have any amount of energy. Only some discrete 
values of energy are allowed to be possessed by a particle. Moreover, 
all the particles do not have the same energy at any given moment. 
The term energy-level is ordinarily used to express the energy-velue 
allowed to a particle. The particles having the lowest amount of 
energy are said to be in the ground-level or zero level. The subse- 
quent levels increase by discrete amounts of energy ; thus level 
one, level two, etc. have energies є, €e, €s . . . etc. per particle 
in the respective energy-levels. For simplicity, let us assume that 
the energy-levels are all equally spaced and the energy-value in a 
given level differs from the preceding one by one quantum, € (= Лу), 
as in Fig. 5/. 

Suppose the system contains four particles (which are indistin- 
guishable) which share a total energy 5є. This energy defines the 
overall state of the system. The pos- se 
sible ways of their distribution are 
given in the Fig. 57. Since total 4€ 
energy — 5e, hence the particles can- 3€ 
not remain in any level beyond the 2€ 
sixth. It is seen there are six possible 
arrangements or we may call them 
their microstates. There may occur 
innumerable interactions or encoun- 
ters and energy-exchanges, but always Fig. 5! 
there would be one of these con- 
figurations, restricted by the condition of total energy = 5e, Tf 
the atoms are distinguishable, then there would be many, more 
possible arrangements, as illustrated in the next example. 

(iv) Let there be four distinguishable particles, р, d. T and s 
having a total energy 4e. As such these particles may exist only 
up to tbe 5th energy-level. The different energy-levels which these 
four particles can possibly occupy are given in fig. 5m. The table 
shows that there are 5 possible patterns of distribution, i.e., there 
are 5 macrostates subject to total energy value 4e. The actual ` 
distribution of the particles in different macrostates is given in 
fig. 5n. There are 35 possible distributions. These are the total 
microstates. But the number of microstates is different for different 
macrostates. A macrostate is a description of how particles are 
present in different energy-levels. We cannot specify the microstate 


1€ 


(D) (D GID ау) (У) (М) 
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which exists at a given moment but nevertheless, they exist-and 
are continuously changing with time We are not concerned with 
exact position or energy 
of the individual parti- 
cles at any instant of 
time. Our aim 1з to find 
out the number of ways 
or arrangements in which 
the system сап exist 
satisfying the condition 
of the macrostate. 

It will be easily seen 
from this example, the 
greater the number of 
energy-levels the parti- 
cles occupy in a given 
macrostate, the larger 
is the number of microstates. When the four particles occupy 
only two energy-levels, the number of microstates is 4 or 6. But 
when the same particles occupy three energy levels, there are twelve 
microstates (see Fig. 57). Thatis, the number of microstates increase 
with the increase in randomness of distribution. 


Macrostates: 4 distriguistable 
particles with total energy 4e 


Fig. 5m 


B. Thermodynamic Probability 

The number of microstates Corresponding to a given macrostate 
is called its thermodynamic probability, denoted by W. The thermo- 
dynamic probability can never be less than one and will have very 
Jarge values when the number of particles are large distributed 
amongst many energy-levels. 

All microstates are equally probable but the most probable 
distribution is one having the maximum number of microstates, i.e., 
having the most chaotic or randomised distribution. When the 
number is quite large, there is hardly any difference between the 
average distribution and the most probable distribution. 

(i) Computation of W. The estimation of W is not difficult. 
Suppose a system has a collection of М particles (often called an 
ensemble). The energy distribution of the particles is described by 
the numbers 7,, 7a, пз, . . . in the first, second, third . . . energy - 
levels. Suppose that there are four particles to be accommodated 
in the ejlevel (i.e, n, = 4). Then, there are N-ways of choosing 


Fo 


Fig. 5n 


(4,0,0,0) 


F 


rs 
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(2,2,0,0) 


(3,1, 0,0) 


(2:140) 
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the first particle, then (N—1) ways of choosing the second, (N—2) 
ways of choosing the third and (V. —3) ways of choosing the fourth 
particle for this energy level. The order of choice does not matter, 
the same distribution is obtained whether the four particles are 
chosen as 1234, 4231, 1243,. . . etc. Hence, the ways of choosing 
the number for this energy level is 


N(N—1) (N—2) (N—3) 
4! 


Again, suppose two particles are to be placed in the second 
level (¢,) from the remaining (N—4) particles. The first can be 
selected in (N—4) ways and the second in (N—5) ways. The two 
particles for the second level may be chosen in 

(N—4)(N—5) 
21. 
ways; the order does not matter. 

The total number of ways for choosing six particles for the 
first two levels would then be 


N(N—1) (N—2) (N—3) (N—4) (N —5) 
412! 


Proceeding in the same way, the number of ways of allotting 
all, the N particles in the different levels, 7.e., the thermodynamic 
probability W would be, 

М! N! 


ШЕ n! ns! n! mi... = nl (c 594) 


It is evident that smaller the populations in the different levels, 
the greater will be the value of JV. For example, suppose the particles 
(or molecules) are very widely distributed, say one molecule in 
each level or some of the levels might be empty, then 


Ww N! 


! 
ТОТ Ет 
This is the largest value of W. 

On the other hand, suppose all the molecules except one are shel- 
tered in one level, then 
N! 
s (011010! — М 
When N is large, N! 2» N. That is, thermodynamic probability 
is much higher with more random distribution. 
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When the number of molecules is quite small, the number of 
microstates, i.e, the magnitude of W will be smail and nearly of 
the same order in different macrostates, as we have seen in our: 
previous examples. But when samples contain our usual experimental 
amounts, the number of molecules will be of the order of № => 102°, 
In such a case, the thermodynamic probability would be astrono- 
mical figures. To wit: let us take a sample containing only 16 
distinguishable molecules, sharing a total energy of 16e and quantum 
states differing by unit є. Let us calculate the microstates only 
in three of innumerable possible distributions, as in Fig. 5р. 


€ 

4 — 

3 SOO 

2 794949— — — — —  -999———— — —— —.. 

]-9900000000000000- -909050000—— ——— -9999— —— — — —. 

0 -e999— — ———— ——  -$669906— — — — 
(W=1) (W=8-9X105)  (Wzr44X107) 


Fig. 5p. Defferent microstates for 16 distinguishable particles 


This shows how enormous is the number of microstates even’ 
with only four quantum levels and for only 16 molecules. 

(ii) We have seen in the second law of thermodynamics that 
a system spontaneously proceeds towards equilibrium and the: 
entropy S goes on increasing until at eqm $ becomes maximum. 
On the other hand, when the system proceeds towards eqm, more: 
and more chaos or randomness appears in the distribution of the 
molecules, i.e., thermodynamic probability also increases, and at 
ейт it is expected to reach the highest value. It can therefore be 
said that the entropy must necessarily be a function of thermo- 
dynamic probability ; i.e., 5 = f (W). But W is not an extensive 
property. Га terms of probability, if a system A can be arranged 
in 3 ways and a system B can be arranged in 4 ways, then there 
would be 12 possible arrangements when both arrangements аге. 
considered simultananeously, ie Иш, = WAWs. 

Thus, thermodynamic probability is multiplicative, but the 
entropy is extensive and hence, additive, so that Sy, = Sa + Sp. 
This prompted Boltzmann and Planck to suggest the relation, 

S = kin W, (К = Boltzmann constant) ЕЛИ СЕЛА 

This is indeed a postulate which can be justified. 
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(iii) Suppose a volume (V) of a gas contains No molecules. 
Imagine that the volume is divided into x cells in which molecules 
are distributed as in different energy levels. If the volume expands 
to V', the number of cells would increase to x’ (say), such that 
x'[x =}V'/V. With expansion in volume, the probability of distri- 
bution (W) shall also increase. To begin with, suppose there are 
only 4 molecules. To distribute them in x cells, the total possible 
x(x—1) (x—2) (x—3), 

4! 1 


«choice would be the molecules being 


‘indistinguishable. 
4 
As x is much larger than 4, the probability, W = ai 
Following this, when x approaches No, the thermodynamic 
probability would be 
ate 
No! 
Hence, applying eqn. (5.25), the entropy of the gas, when 
[volume = V, 
S = kIn W = k[Nolnx — In №, 1] 
"When the volume is increased to V' with x' cells in it, the entropy 
S' = kn W' = К [Noln x' — In N, !] 


W = 


The change in entropy, 5 —S =k № In i 


If No = Avo. number, AS—RIn T (9:267 


Thisfis exactly the result obtained from classical considerations 
for the increase in entropy for the expansion of the system from 
volume V to V’. There is thus a justification for the postulate, 


S=kinw 


(iv) In expressing the thermodynamic probability (W) in the 
‘form of eqn. (5.24), it was tacitly assumed that the particles were 
distinguishable from each other, such as the atoms in a solid which 
are localised at specifiable points in a lattice. For indistinguish- 
able particles as those in a gas, a different treatment is necessary. 
Moreover, the present ideas of quantum mechanics indicate that 
‘there are energy states’ which are distinct, though close, but of the 
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same energy (value). For example, a particle having a velocity 
С = 4/51, i.e., С? = 51, may have varied components of velocity 
Cz, Cy, Cz, in three perpendicular directions. To wit. 


Сз=5\ 
I |i n [у ру VI 

Cz 7 1 1 5 5 1 
Cy 1 7 1 5 1 5 
feh 1 1 7 1 5 5 


That is, six complexions are possible though the velocity (C), 
and hence the energy, would be the same. When there exist a number 
of quantum states in a given energy level, it is said to be degenerate. 
If there be g number of possible distribution of energy in a given 
energy-level i, the level is said to be g; degenerate ; g;is called the 
statistical weight factor. The illustration given above is sixfold- 
degenerate ; the statistical weight factor is 6. The g;-values may 
be different for different energy levels. The degeneracy does not 
alter the macrostates but increases the number of microstates 
enormously. 

There is however a discrete number of energy levels for the 
molecules of a gas (indistinguishable). Our aim is to find how the 
molecules would be distributed in different energy levels at any 
moment. It can be shown from quantum mechanics that the number 
of quantum states g; in any level ї is much larger than the number 
of particles occupying that level. g; Э m,* andit can be presumed 
that it is unlikely that more than one molecule will occupy the 
same quantum state. 

Due to incessant chaotic motion and rapid collisions, each 


*Suppose a monotomic ideal gas is enclosed in a cubical’ box of side a, At 
ordinary condition, the number of atoms per c.c. is about 2x10". From Schró- 
dinger eqn, it can be shown that the possible number of energy states is given Ьу 


8та?є У ? 

4-1 x t т ( n ) where т is the mass of each molecule having energy €. 

The velocity of the molecules at ordinary conditions is about 2.5 x 10* cm/ 
sec, corresponding to an energy-value = &z 10-° ergs. For He, m = 6.6x10-?* 
gm. Substituting these values in the relation for ¢, the number of quautun states 
is found to be 6X10**. But there аге 210" atoms and hence there аге more 
than million times more levels than the number of atoms. Therefore, at any 
instant, most of the quantum-levels would be empty, and in any level, only 1 
atom would be found. 
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molecule of a gas would undergo many changes from one quantum 
state to another. 

In a degenerate system, it can be visualised that every energy- 
level really constists of а bundle of levels. We denote the number 
of levels in the energy-levels i.e., the i-th bundle by g; having the 
mean energy e;. Then, there are, 

n, particles in the Ist bundle of g,-levels with energy e; 

n, particles in the 2nd bundle of g;-levels with energy e» 


The most КАТАП values of n; are those which would give 
the system maximum number of complexions. 

Consider the i-th level having g;-levels in it and n; particles. 
If the particles were all distuiguishable, then the number of their 
distribution i.e., complexions would be gj" (see previous section). 
But in the case of indistinguishable particles, this number must be 
divided by the number of permutations of the particles amongst 
themselves, i.e., by mj! . Hence, the required number of micro- 
states or complexions for this level is 


gil ni! 


"Therefore, the total number of complexions, taking into consi- 
‘deration all the energy-levels, would be 


Bite) gos gii чт gii 
E Г ТӨР eye aime MPH 707105127) 
Exercises 


1. Calculate the entropy change when ^ 
(а) two moles of an ideal gas are suddenly released into an evacuated 

vessel such that its pressure falls from 5/3 atm to 1 atm, 
(b) two moles of oxygen (Cp = 6.095 cal/mole) are heated from 27°C 

Чо 127°С (i) at constant pressure and (її) at constant volume. 

(c) Argon contained in an insulated tank at 120°F and 40 psia. On 
opening a valve, the gas flows into an evacuated insulated tank ofthe same size. 
Ans. (а) 2.044 e.u. (b) 3.505, 2.355 e.u. (c) 1.377 e.u./mole. 
2. A copper block A (mass = 1 gm, temp 100°C) is brought in contact 
with another copper block B (mass = 3 gm, temp 300°C). They are allowed to 
come into thermal eqm. adiabatically. Determine the total entropy-change. 
“(the specific heat of copper = 0.096 cal/gm°C). Ans. + 0.0063 e.u. 


i aE se A Адын 


— — 
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3. A two-kilowatt electric heater runs for 110 minutes attaining 827°С. 
‘The room-temperature 15-27°С, What is the overall increase in entropy? 
Ans. 3.2 x 10* J/^K. 
4. A uniform metal bar composed of 2 moles is so treated that one half has 
a higher temp 7; and the other half cooled to a lower temp 7;. The bar is suddenly 
enclosed in an insulated chamber. Show that the change in entropy 
(Тә + Т)? 
АТТ: 
5. Calculate AU, AH and AS when 1 mole of liquid water at 0°C and 
1 atm is converted into steam at 200°C and 3 atm. Given Ly = 9.7 kcal/mole ; 
Cp (steam) = 8.81 — 1.9 x 10-77. Assume ideal behaviour for steam. 
Ans. AH = 12.3 kcal, AU = 11.4 kcal, AS = 31.4 eu. 
6. At 25°С, the latent heat of vaporisation of ethyl alcohol is 10190 cal/mole 
ana its уар. pressure is 59.0 mm. The liquid alcohol at 25°C has an entropy of 
38.4 e.u. per mole. What will be the entropy of a mole of ethy] alcoho] vapour, 
behaving ideally, at 25°С and 1 atm.? Ans. 67.5 e.u. 
7. Given, for ammonia per gm.-mole 
Со) = 17.9 cal; Cp(g) = 8.04 + 7 x 10-*Т cal 
Lyap = 5560 cal; B.pt = 239.7°K 
Calculate the entropy-change when 1 mole of liquid ammonia at const. pressure 
at —40°С is transformed into gaseous state at 200°C. Ans. 8.66 e.u, 
8. The molar heat capacities for H,O are 
Cy(I) = 18.0 cal, Cp(g) = 9.0 cal 
and the latent heat of vaporisation Ls, = 9713 cal. 
What will be the change in entropy when one mole of liquid water vaporises 
at constant pressure of 1 atm. and 25°С? Ans. 28.0 еш. 
9. One mole of Argon at 1 atm. and 25°C expands isothermally into a connect- 
ing evacuated cylinder of 10 litre capacity. Show that the change in entropy will 
be 0.68 e.u. 
10. At 17°С and 1 atm., 800 c.c. of nitrogen were mixed with 200 c.c. of. 
oxygen. Show that the change in entropy for mixing would be 0.0418 еи. 
11. There are nine quantum states for pure ortho-hydrogen at 0^K. All states 
being present in equal amounts, calculate the entropy of the mixture. А 
Ans. 4.36 е. - 
12. Calculate the change in entropy when 5 gm of water at 20°С is converted 
into saturated vapour at 100°C, assuming specific heat of water to remain constant 
.and equal to unity and latent heat of vaporisation = 537 cal/gm, 


[ C.U. Phys. Hons. '63] 
м. 
— $4) —v 
D T 2. 
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AS = Суп 


13. Establish: 
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14. Calculate the entropy-changes at tne different steps of a reversible 
Carnot's cycle which takes up 1000 cal from the source at 400°K and releases 
*4=` calories to the sink at 300°K. Find also qə. What is the net entropy change 
of the cycle? Ans. Step (1) —.2.50 e.u., 4«=750 cal 

15. Evaluate AS for the following processes : 

(а) H:O (1, — 5°C) —— H:O (s, — 5°C) 

(b) HO (l, 1 atm, 125°C) —~ Н.О (g, 1 atm, 125°C) 

Given for one of mole of H,C, 

Ly = 9713 cal, Ly = 1440 cal 

Cp, = 9 cal, Cp, — 18 cal ; vapour pressure at 125°С = 1740.5 mm. 
Ans. (a) —5.11 e.u. (b) 25.4 e.u. 


16. Calculate : 
(a) the number of macrostates for four particles having a total energy 
of 6e, the energy levels are equally spaced. Ans. 9 
(b) What will be the thermodynamic probability when the four particles 
are distributed as one in each level? Ans. 24 
(c) What will be the total no. of microstates? Ans, 84 


17. Three distributions of 30 particles are given : 


Energy level P Q R 
0 15 15 16 
1 7 8 8 
2 3 1 1 
3 3 4 2 
= 2 2 3 


Find out which distribution is most probable. 


18. An isolated system with 3 particles has a total energy 3/v. The energy 
levels are equally spaced one unit apart, the ground level has zero energy. Find 
out the number of macrostates. How many microstates are possible if the particles 
are distinguishable. Ans, 3, 10 

19. Three distinguishable particles have a total energy of 9 units. But the 
particles are restricted to energy levels from 0 to 4. Calculate the number of 
macrostates and microstates. Ans, 3, 10: 


20. (a) Five quanta of energy are shared among 5 oscillators. What are the 
possible configurations and what would be the total number of microstates? 

Ans, 126 

(6) Five quanta of energy are shared among 10 oscillators. Find out 

the total number of microstates, Which configuration will have the highest 

number of microstates? Ans. 2002 


21. (a) A 20 c.c. sealed ampule containing 0.01 mole of a gas at very high 
pressure is kept suspended in an insulated 5-litre flask, completely evacuated. 
The ampule suddenly breaks and the gas fills up the flask, What will be the- 
change in entropy, if any? 


ee ES TT R—T 
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(b) A saturated supercooled solution of sodium thiosulphate is kept 
isolated in a Dewar flask and seeded with a tiny crystal. Spontaneous crystal- 
lisation occurs. Obviously this is accompanied with organisation of the mole- 
cules and hence entropy should decrease. How the crystallisation could be 
spontaneous? 


22. (а) Show that in an isoentropic transformation of an ideal gas 
( oy ye Cv ү y 
aT ls Сәс: \aT I р 


(6) Show that 
rida kal le UR 
ду ba lax ly ду !ж\дХ ly ax Гу\ду Ix axd yoy lx 


23. In an adiabatic constant volume cylinder are kept 1-mole of ideal gas A 
and 1 mole of ideal gas B separated by a movable but non-permeable piston. 
The volumes initially occupied by A and B are V4 and Vg. The piston is 
slowly moved until eqm is attained, i.e. they are at equal pressures in equal 
volumes (T constant). Show that the entropy-change is, 


(V4 + Vey 
ТЭ 


AS = Кп 


"a 
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CHAPTER 6 


FREE ENERGY FUNCTIONS 


Entropy is of course an important tool in the thermodynamic 
study of changes in systems. The entropy-change, dS = 94/7, 
where ôq is not a perfect differential. There may be increase in 
entropy in an irreversible process (say diffusion) even when ӧд = 0. 
In such cases, there are obvious difficulties. Of course, in an isolated 
system, entropy increases with spontaneous changes and reaches 
its maximum at equilibrium. But natural processes seldom occur 
in isolated condition ; the systems do interact with the surround- 
ings. The precise estimation of the entropy-change in the surround- 
ings is often quite inconvenient. It is necessary to develop criteria 
in which the changes in the given system may be followed without 
any reference to its interaction with the surroundings though it 
exists. For this purpose two new thermodynamic functions are 
introduced, which also utilise entropy in their derivation. 

These two thermodynamic functions which are extensively 
used are: 

(i) Helmholtz «e energy or Work function, A 

(ii) Gibb's free ‘energy, С. This is often called thermodynamic 

potential or Gibb’s energy or simply, free energy. 


6.1. Work Function and Gibb’s Free Energy 
The two functions have been defined as 

A —U-TS б 

G = Н – Т5 $ 06.2). 

Since q = TAS = TS, — T$, ; the product of temperature 
and entropy (TS) must be a quantity of energy and as such TS 
can be algebraically added to U or H. 

Again, U, Н, T and S are state properties, hence A and G will 
also be defined by the states of the system ; dA and dG will be 
exact differentials. 

Again Н = О + PV, therefore 

G H—TS = U+PV—TS eia (6:3) 
and alo С =4A+PV ... (6.4) 


Il 
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Confusion in the Nomenclature: It is necessary to mention here the confusion 
that prevails in the literature of thermodynamics regarding the nomenclature 
of these two functions. The quantity “‘U—TS’ has been called free energy by 
one school of writers, while ‘H—TS’ has been named free energy by another 
School. In consequence the subsequent derivations have been most confusing 
as the symbol F has been used differently by different schools. We mention 
here some of the expressions and symbols in use. 


U—TS H-—TS 
I Work function, А Free energy, F 
II Helmholtz function, A Gibbs function, G 
III Free energy, F Gibbs potential, G 


To avoid any such confusion, we shall not use the symbol ‘F’ 
for any of the two functions. In this text, we shall use A = U—TS 
and call it ‘work function’. We shall use G = H—TS and mention 
it as ‘free-energy’ or ‘Gibbs’ energy’. 


6.2. Work function, А 
A = U—TS 
For an isothermal reversible change of the system, we have 
AAr= AU-TAS ; (AT = 0) 
= AU—q = —Wmax 

or —AAT = тах Pe Ce) 
where: Wmax is the reversible, hence maximum, work involved. 

It may then be said that the work function, A is such a thermo- 
dynamic property of the system that its decrease gives the maximum 
amount of work available during an isothermal transformation 
of the system. This work may be purely mechanical or otherwise 
or may be partly mechanical and partly external. 

It should however be remembered that (i) if the same trans- 
formation be irreversible then the same drop in А would occur but 
it would exceed the output of work, i.e., —AA > w. 

(ii) if the change be not isothermal, the change in work function 
A will not be equivalent to the maximum work. 


Again A = U-TS 
ie dA = dU—TdS—SdT 
or dA = dU—q-—SdT 


or dA = —PdV—SdT .. . (6.6) 


180 THERMODYNAMICS 


Then, for and d RO Process, ( 21), = — $, oy. (E 
for an isothermal process , (32 Bie —P 24 (б.б) 


6.3. Free energy, G 
G — H—TS 
or. G = U+PV-TS 


Ifa system undergoes an isothermal reversible change at constant 
pressure, then 


AG = AU+PAV+VAP—TAS—SAT 
or AGpr = AU+PAV—TAS = AU + PAV—q 
= PAV — Waar * 
ог —AGpr = Wmax—PAV aa). 


where PAV is the mechanical work involved in the system itself 
during the transformation and Wmax denotes the maximum total 
work output. 

Hence w—P AV is the amount of work received for any external 
use, exclusive of the mechanical work in the change of the system 
itself. 

Free energy (G) is thus a property of the system whose decrease 
is the measure of the external useful work ayailable during the 
transformation of the system. 

It should be remembered that the equality in eqn (6.9) holds 
true in an isothermal reversible process. 


Again, G = U + PV—TS 
hence, dG = dU + Рау + V4P—T4S—SdT. 


For a reversible mechanical process, dU -+ РАУ = q = TdS - | 


So, dG = VdP—SdT SEERA LY 
For an isobaric process, (2 )„ = —Ў 2556.11) 
For an isothermal process, ( 55 ), =y «+» (6,12) 


Standard Value for G : Gis a state function. To assign numeri- 
cal values to free energy changes of a system, it is necessary to put 
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a standard value for the free energy of the system at a specified 
state. As in the case of enthalpy and entropy, the standard state 
for free energy is usually taken as that at a constant temperature 
of 25°C and 1 atmosphere for a pure substance. 

At const. temperature (Т), the free energy at any pressure (Р) 
can be easily expressed with the help of eqn (6.12). 


п 


бү Í x 
( 2) он dG = VdP 
т 1 1 


- P 
or б—С° = [ VdP , 
1 


where'G? is the standard free energy of the system at 1 atm and 
the same temperature. 


P 
É Gu Gre f уар 22.0613) 
1! 


If the system contains n moles of a perfect gas at T°K, then, 


P 
o BRI SUP Tw Patm 
s-e4] р = 6 + mRT norm 
ог G = 6° 4- nRT ln P. .. . (6.14) 
or G[n = G^[n + RT in P 23 (6.15) 
ie., G= @+RTInP .. - (6.16) 


where С, б°, are corresponding free-energies for 1 mole of the 
gas. 

Usually the free-energy of 
а gm-molecule of a substance 
is nowadays expressed by the 
symbol, ш. That is, 
G=Gn=p, ... (617 
-. From eqn (6.16), 
P= pF RT nP ... (6.18) 


Evidently, the free energy 
increases with increase in pres- Fig. ба. p—p° vs Р 
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sure. A plot of (u—p^) versus P is given in fig ба. The significance 
of ш will be discussed in detail in a later chapter. 


6.4. Effect of Temperature on Free Energy. Gibbs-Helmholtz 
Equations 


From eqns (6.7) and (6.11), 


OO), 


(а) Now A = U— TS and С= H—TS 


ores Ua (22), and G — H 4 (E) е 


This pair of equations are called Gibbs-Helmholtz equations. 
Re-arranging, 


d ала (20 QE 2... (620) 


These equations may also be given other forms. 
(b) In an isothermal ohange, we have 
G, = Н.Т, and Ga = H,—TS, 


The suffix 1 for initial state and 2 for final state of the system. 


Subtracting, AG — AH—TAS + + (6.21) 
But AS = (5—5) = У $5) 38 A) ]-- (359 
oT P 
. (6.22) 
Substituting in eqn (6.21), AG = AH + aie » (6:23) 
Р 
ү 8(AG) AG—AH 
Rearranging, [9] р cd ‚.. (6.24) 
rranging. ar |, г 


Similarly, ‚ (6.25) 
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(c) Sometimes it is more useful to find the differential of G/T with respect to ` 
temperature. 


We know [Zam |; = B 2), LR Е 


S G G4 TS 

T T T: „(from 6.11) 
aGiT)) | 8H 

or [ 3T |; = - = ‚ (626) 

Likewise, a — = ‚ (6.27) 

(d) Since  d(1/T) = — Lar, we can write eqn (6.26) as; 

&(c/T) _ 

E А =H ‚.. (628) 

and so, (an » =U $a (6:29) 


These are the different forms of the well-known Gibbs-Helmholtz relations 
[eqns 6.19, 6.20, 6.23, 6.26, and 6,28]. These relations are extensively used 
in thermodynamic consideration of various phenomena, such as phase changes, 
chemical equilibria, emf of voltaic cells, surface energy, etc. 


Problem : The latent heat of fusion of ice at 0°C = 1440 cal and the heat 
capacities of ice and water are 8.7 and 18 calories per mol. Calculate the change 
in Gibbs potential in the freezing of a mole of water at —20°C. 

From Kirchhoff’s equation: 


: 273 273 
AH = AM + || АСраТ = AH, + f —9.3 dT 


(7 ° 
273 

or AH = AH — f —9,3 dT 

0 

= —1440 + 9,3 x 273 = 1099 
ог АН = 1099—9.3Т 
+ АС АН AH,—9.3T 
‘Following eqn (6.26), Te | T dT f T av 


1099 
Arg + 9317 + Z (constant) 


or AG = 1099 + 9.37 In T+ ZT 
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We know at 0°C, ice and water are in equilibrium, AG»; = 0 
“Hence, Л бъз = 1099 + 9,3 x 2731n 273 + Z x 273 = 0 
Whence, Z = —56. 

Therefore, AG at —20°C is 
| AGass = 1099 + 9.3 x 253 In 253—56 х 253 = —69 cal/mole 


6.5. A mathematical Interlude 


If f be a function of two variables x, y ; then the total 
differential is 


D (E) e + (07 L) a 


The two differential coefficients д//дх and д9/]ду are functions of 
x, у. Let us say, 


д, х 
(8), =, My and (2 Г), == Ny eae (i) 
Hence, df = Мах + Nady 
м Of. 2 OM of _ aN 
From (i), дух уду, апа $e ах 
But it has been shown earlier that for a perfect differential, 
НДЫ S 
Qyüx ӘхӘу 
oM iani ON. 2 
Hence, (бу? ) — ax ) . (ii) 


These are often called cross derivatives of the relation, ` 
df = Mdx + Ndy 
To illustrate : We know, dU = TdS—PdV 


So from (ii), (%, ук (25 


6.6. Maxwell’s Relations 


We have come across four fundamental thermodynamic rela- 
tions, These аге: 


() dU 
(2) dH 


TdS—Pdv 
TdS + VdP 
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(3 dA = —PdV—SdT 
(4) dG = VdP—SdT 
Exercising the cross-derivative rule, we have 


Ge G | 
a (9T 
DEC Бе (38), : | ‚ (6.30) 
е di | 
| 


(iv) (5 (25 ) 


The equations id in K tiia Maxwell's relations are 
very useful in dealing with various physico-cheinical phenomena. 


Again, from (1) above, (3), zu 


and from (2) above, x zn 
) 
Hence, ( 92, = ‚| 


Thus, from the said relations (1), (2), (3) and (4), wehave, | 
QUN | (98A . (0H . (0A 
(су) (оў)! Б E 
(2 2s (28 
ӘТ Ју \eT /» 


To illustrate a simple use of Maxwell relation, the determination of entropy- 
change due to variation of pressure may be mentioned. 


| . « (6.31) 


From eqn (6.30), E. =т= pa ) 
Rearranging, дуз b; (&), dP, | (T; consan) 


The change in entropy due to change in ed at constant temperature for 


any system can be computed from this, as ( HA is easily measurable. 
d 204 POE FESR I 
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If the system be one of an ideal gas (1 mole), 


Py 
then ANS = i cog ae Rin Ei » [See Eqn 5.18] 
: Р Р, 
Pi 
The deviation of entropy due to non-ideality of the gas : 


Suppose one mole of an ideal gas is compressed from a very low pressure- 
P, (Lt Py 0) to a pressure of 1 atm, then 


1 
R k 
Е) p ие 
Po 
* asterisk indicates ideality of the gas. 


Now suppose, the same is done with one mole of a real gas, say Berthelot 
gas, then 


1 
av 
AS = S, — 8р = — f (92), 2 
Ро i 


For a Berthelot gas, эз Р + 31 Por 


ov R 27 RT? 
эт) Р 


27 RT? 
32 PcT* 


1 
R 
So, А$те = Sy — Sp, = ef [= + 
Po 


Now at low pressures, a real gas behaves also ideally, hence S*p, = Sp. 
Hence subtracting (ii) from (i), we have 


1 
3 
s-s-[ 21 RIS ap 


32° PT 
o 
Ta 3 
a EE » Since P, is too small. 


This gives the deviation in entropy. 


6-7. Standard Free Energy 


The absolute free energy of a substance cannot be experimen- 
tally determined. Since in thermodynamic solutions we are con- 
cerned with free energy changes only, so it is sufficient if some 
arbitrary standard be fixed to compute the free energy. As in the 
case of enthalpy, the free energy of an element in its stable form 
at 25°C and 1 atm has, by cony ention, been assigned the value ‘zero’, 

The free energy of a compound is the change in free energy 
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which occurs during its formation from its constituent elements. 
Hence, for a compound, 
G^ = AG’; (free energy of formation). 
For example, the standard free energy change during the formation 
of one mole of water ( /\ С°у) is —54.64 Kcal. 
Н, + 40; H,O(g) ; AG; = —54.64 Kcal 

G —0 0 x 

Now Дбу = х—0—0 = х; ..G°u,0 = х = —54.64 Kcal 

That is, the free energy G° of a mole of H,O(g) is the same as 
its free energy of formation. 

The standard free energy change of a process can then be 
computed from the standard free energy of formation of the resul- 
tants and the reactants ; it will be the difference of the AG"; values 
of the resultants and the reactants. In the reaction, 

pA+qB = rC+sD 
AG reaction = T AG nc) + SAG^jp) —P AG" f4)—9 AG r9) 
= XAGq(dut) — DAG ceactantsy + + + (6.32) 
The standard free energy of formation of a few compounds are 
tabulated here. 


TABLE : STANDARD FREE ENERGY OF FORMATION 
AG? AT 25°C (KCAL/MOLE) 


Gases AG; Liquids АС°у 
н.о — 54.64 HO — 56.69 
мо 24.9 CH,OH — 39.73 
NO 20.7 C;H;OH = 41.77 
NO, 12.4 CH;,COOH — 93.8 
NH; 3.97 C,H. 29.76 
co 32.80 
co, 94.26 Solids 
НСІ 22.77 
SO, 71.80 Cuo — 30.4 
SO; 88.5 CuO — 35:0 
HS 7.88 Fe,03 —1774 
AlO; —376.8 
CH, 12.14 CaCO, —269.8 
CH; 7.86 CaSO, —315.6 
С.Н: 5.61 BaSO, —350.2 
С.Н, (п) 3.75 BaCO, —272.2 
С.Н, (іѕо) 43 AgCI — 26.2 
CoH, 50.0 AgBr — 22.9 
С.Н: 16.28 МаС! = 91.9 


a_a 
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Problem : Estimate the standard free energy change of the chemical reaction, 
CO + H,O = CO, + Н, 
using necessary re from the table. 
co HO co, Ha 
AG; = —328 —5464 —9426 0. Kcal 
AG? = —94.26 + 0—(—32.8)—(—54.64) = —6.8 Kcal 


76.8. Spontaneity and Equilibrium 


I. At one time, it was intuitively assumed that a spontaneous 
change occurs only when it would lead to a lowering of the energy 
value of tbe system. The apple falls from a tree or the glaciers run 
down hill for the gravitational energy is lowered; a water drop takes 
a spherical shape as it would reduce surface area and hence surface 
energy ; a candle burns in air as the change is accompanied with 
expulsion of heat energy, etc. It is true that in many spontaneous 
processes decrease in energy of the system is involved. But this 
is not universally true. There are instances in which AH or AU 
-of the system тау be zero or may be positive, and yet the change 
is spontaneous. 

A. gas freely expands into an evacuated vessel (Joule's expt). 
This is a spontaneous process involving no heat-change. There is 
something other than energy (increase of. randomness) which is 
responsible for the spontaneity. 

The decomposition of AgCIO, (s) at a slightly warm condition 
occurs spontaneously practically without any heat of reaction ; 

AgClO,(s) — Ag(s) + Og) + 3Cl(e) : AHO 
Here again, it occurs due to increase in randomness. 

On the other hand, spontaneous evaporation of highly. volatile 
liquids like ether takes place with absorption of heat and hence 
with increase in energy, AH is positive. : 

Endothermic chemical reactions, like the hydrolysis of thionyl 


chloride, show that the spontaneous processes are accompanied 
with AZ as positive. 


SO,CL() + Н.0() = 50,(6) --2HCKg); AH = + 50 KJ 
The assertion that spontaneity is accompanied with attainment 
of minimum energy level is not tenable. 


b. 
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II. In the preceding chapter, we have seen that in a reversible 
change the net entropy remains unaltered, whereas in a spontaneous, 
and hence irreversible, change the net entropy increases. If dS and 
dS’ represent the entropy-changes of the system and the surround- 
ings respectively, then 

(a) for a reversible change, dS + dS’ = 0 

(b) for an irreversible change, dS + dS 7 0 
Combining the two, dS + d$'2 0 

Suppose a system undergoes an isothermal but irrevérsible 
change and let dU and и Бе ће internal energy change and work. 
Suppose further that the surroundings supply 4 heat reversibly to 


the system, such that dS’ = —4[Т. 
Now dS + dS’ —0 
or ds—4>0 
or SoS awe >0, (from the Ist Law) 
or TdS — dU —w >0 \ 
ог TdS —dU — PdV >0 (6.93) 


assuming the work is mechanical, (w. = Pay). 
Remember the symbols in the eqn (6.33) refer to the system. 
only. . 
For a reversible process, TdS—dU—PdV = 0 
and for a real process to occur in nature. TdS—dU —PdV —-0 
For a change at constant U and V, 
dSu,v >0 
At едт, S becomes maximum, dSy,y = 0 
The condition for a process to occur in natute, 


dSuy >0 ‚.. (6.34) 


Ш. The possibility of a process occurring is more clearly 
assessed by considering the free energy change of the system only 
instead of enthalpy or entropy. 

We know, 

dG = dU + Рау + VdP—SdT—T4dS 


or TdS—dU—PdV = —dG + VdP—SdT 
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Hence from egn (6.33), —dG + VdP—SdT >0 
or dG < VdP—SdT 
From eqn (6.10), we know, for a reversible change 
dG = VdP—SdT 
Hence for any spontaneous irreversible change 
dG < VdP—SdT 
or at constant P and Т, dGpr <0 E22:(6.35) 


For a reversible change, брт =0 


It must be remembered, whenever a system is in eqm, G reaches 
its minimum, and dG = 0. 

^. at equilibrium, VdP—SdT = 0 ‚.. (6.36) 

The same criteria would apply to both physical and chemical 
transformations. 


The possibility of a chemical change. 
For a process taking place from a given initial to a given final 
state, AU would be the same. From the Ist Law, 


(a) © for reversible occurrence, Феу = AU + Wrey 
(b) for irreversible occurrence, fiev. = AU + Wirev 
But we know, Wr, > wis ; hence grey > quj, 
Therefore, for an infinitesimal change, dgirrey — Urey — 0... (A) 
By definition G = U-FPV—TS 
or dG = dU + PdV + VdP—TdS—SdT 
q + VdP—TdS—SdT 
the work is supposed to be purely mechanical. 
Chemical reactions are carried out usually at a fixed temperature 
and pressure, therefore 
абьт = q—TdS 
‘for a spontaneous hence irreversible process 
dGpr = Quy — TdS 
= div — Фе, [for dS = ет] 
Hence, from (A), dGpr < 0. 
That is, in a spontaneous change, A G must be negative, 


ly 
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To find out if a given process would be spontaneous at a specified 
T and P, we have only to calculate AG of the system alone. If 
AG is negative, the change shall spontaneously occur. If AG is 
zero, the initial and final states would exist at eqm with each other. 
If AG is positive, the process will not occur spontaneously, but 
its reverse тау. 


6.9. Evaluation of the free energy change 


The enthalpy-change ( АН) can be determined from calorimetric теазиге- 
ments. In a chemical process, AH can also be evaluated from bond-energies of 
the resultants and reactants, AH is also available from the temperature coefti- 
cients of eqm constants (see Reaction Isochore). 

The entropy (S) of a substance can be evaluated at а given pressure and 
‘temperature with the help of the third law. The entropy-change (A S) is obtained 
by subtracting the entropy of the reactants from that of the resultants. Thus 
in a reaction, 

А+В=С 
the entropy-change AS = Sc—S4—Sz, 

where S-terms are the individual entropies of the different entities. 
Sometimes, AS is also obtained from other sources such as emf measurement. 

Now, the free-energy change (AG) for an isothermal process, 

AG = AH - TAS 

The value of AH and AS can be ascertained by methods noted above, 
Hence, the magnitude of AG is easily known. If AG is found negative, the 
process contemplated is favoured, 

Tne variation of AH and AS with temperature is not large. Hence for 
approximate calculations, AH and AS determined at a convenient temperature 
may be used for reactions at other temperatures without an appreciable error. 
But the change in free-energy (AG) varies considerably with temperature, 

If AH be negative and AS be positive, we have negative values for AG. 
Such a process will always be spontaneous. When АН is negative and AS is 
also negative, the process will be spontaneous only when AH is numerically 
greater than TAS. 7 

In endothermic reactions, AH is positive. The reaction shall occur if TAS 
is positive and greater than AH. 

AG can also be evaluated from other sources, such as from emf measure- 
‘ments, from equilibrium constants, etc. These will be considered in subsequent 
chapters. 

Some illustrative examples are given below : 


Example : At 1 atm and 27°C, will the vaporisation of liquid water be 
«spontaneous? Given AH = 9710 cal and AS = 26 ел. 
H,O() = H:O(g) (Р = 1 atm) 
AG = АН-ТЛ$ 9710—26 x 300 = + 1910 cal 


Ш 
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Since AG is positive, at 1 atni, vaporisation is not possible. Rather the reverse 
Process of condensation will occur. 

: The temperature at which the liquid and vapour will be in eqm can be 
obtained, by putting AG = 0; ie. 


ij AG — 9710—26T — 0 
Т = 373.4°К 
This indeed is the boiling pt. of water at 1 atm. 


Example : For the process, 


МО — N: + 40, ; AH = —20000 cai 
and AS = 18 e.u. 
Will the reaction be spontaneous at 25°C? 
AG = AH-TAS = —20000—298 x18 — —25364 cal 
The dissociation will be spontaneous. 


Example : In the endothermic reaction, 


С + H,O(g) > CO(g) + H(z); AH = + 31400 cal 
and AS = + 32 eu, 


Discuss the feasibility of the reaction at 100°C and 1000°С. 


AGys = 31400—32 х 373 = +19464 cal 
AG;ss = 31400—32 x 1273 = — 9336 cal 


The reaction would not take place at 100°С but shall spontaneously proceed 
at 1000°С. 


Example : In the formation of water at 25°С and 1 atm, 


H: + 40; = Н;0(0; AH = —68320 cal 
S° - 31.21 449) 16.71 


Show that the process is spontaneous. 
5 AS = 16.71 —31.21 —4(49) = —39 еш, 
ae AG= AH-TAS = —68320 + 298 x 39 = —56698 cal 


Since AG is negative, it is thermodynamically Predicted that formation of water 
would proceed spontaneously. But a mixture of Н, and О, does Not seem to 
react appreciably at 25°C. This is because of the extremely slow rate of reaction, 
which is not a concern of thermodynamics. If the rate be accelerated by a catalyst 
or.a spark, the eqm will be established easily. 


A transformation which is not favoured at a given temperature 
and pressure may be achieved by suitably altering the pressure, 


| 
| 


—————— 


——— € — 
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temperature remaining constant. This may be illustrated by examples 
given below : 


Example : The molar entropy and volume of graphite and diamond at 
298°K and 1 atm are: 


$° (cal) V? (c.c.) 
graphite 1.37 5.3 
diamond 0.58 34 


The heats of combustion of graphite and diamond are: 
(а) Сиа + О, > COs; AH? = —94030 cal 
(b) Саа + О > CO: ; AH? = —94480 cal 


(i) Show that graphite is the more stable form of carbon at 298°K and 1 atm. 
(ii) Find out the pressure at which graphite would acquire the tendency to be 
transformed into diamond. ; 


(i) Subtracting (6) from (a) above 
Сега — Саа ; AH? = + 450 cal 
Л AG? = ДН? – TAS? 
= 450 — 298 (0.58 — 1.37) = + 685 cal 
Since AG? is positive, the proposed change would not occur, so graphite is. 
more stable than diamond. 


(ii) AG = VdP — SdT 
At const. T, AGr = VdP 
or (AG) = (V;— V)dP 


Now for the proposed transformation 
AG = + 685cal = 685 x 41.3 сс-аіт = 28.3 lit-atm 
V,—V, = (3.4—5.3) = —1.9 cc = —0,0019 litre 


Temperature remaining constant (298°K), suppose at pressure P, graphite would 
be in eqm with diamond, when AGp = 0. ` 


At 1 atm (298°K), AG? = 28.3 lit-atm. 
o P 
f Q(AG) = AV f dP 
28.3 1 
ie. —28.3 = — 0.0019 (P—1) 
whence P = 14896 atm. 


13 
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That is, it is thermodynamically predicted that at about 15000 atm 
Pressure graphite is capable of being transformed to diamond (Т = 298°K). 
That such a possibility exsits is proved from the fact that minute crystals of 
diamond have been obtained from grapnite under a pressure of 75000 atm at 
about 1500°K. 


Example: The two forms of CaCO, are calcite and aragonite. Their thermo- 
dynamic data per mole at 25°C and 1 atm are 


Н°(Кса1) 5° (cal) V*(cc) 
calcite —288.45 222 36.90 
aragonite — —288.49 21.2 33.93 


(i) Is calcite more stable than aragonite at 25°C? (ii) Find out the pressure 
at which calcite and aragonite would be in eqm at 25°C. 


(i) At 25°C and 1 atm, for calcite — aragonite 


AH? н — Н, — 40 cal [= —40(41.3) cc-atm/°K] 
AS? = S,°—S,° — 1.0 cal [= — 41.3 cc-atm/^K] 
AV = We- Ve = —2.97 с.с. 


The suffix 1 stands for calcite, suffix 2 for aragonite. 
For the proposed change, AG? = AH?^—TAS* 
= — 40 — 298(—1) = + 258 cal 


Since AG? is positive, calcite will not be transformed into aragonite at 1 atm 
and 25°C, 

(ii) Suppose under a pressure P atm, the two forms would be in eqm 
at the constant temp T (298°К). At the point of сат, AG = 0; ie, 
©, = G 


U, PV, — TS, = „+ PV, — TS, 
ог  P(W-V) = T(S$,—$)) — (U,—U;) 


or PeT—.-——.m]255. 


since for solid transformations, AU 22 AH. 


par 41:3 (C443) 
2597 —2.97 
= 139 T — 556 


13.9 X 298 — 556 — 3596 atm 
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6.10. Free Energy of gases 


We have seen in eqn 6.18 that for a gm-mole of an ideal gas, 
at temp. T, 


Boc pg +RTINP 
where p, p° are the molar free energies at P atm and 1 atm. 
If the system changes from pressure P, to Р», then 
AG = в—щ = RT In (P,[P,) iovis 40197) 
But if the system contains a real gas (say, a van der Waals gas), 


where V e n + (b—a[|RT), the evaluation of the integral f Vdp 


is not simple. From egn. (6.13), 


P Р 
в = р" + [ Тар = р? + Í [АТ]Р + (b—a/RT)\dP 
1 1 


Now, (b—a/RT) = B, the second virial coefficient of the virial 
equation for gases. Then, 


P RT 
pee +e [ (ОЕР) dP = р + RTInP + В(Р—1) 
1 


Hence AG = рьш = АТ РР, + В(Р,—Ру). . . (6.38) 


Example ; Calculate the change in molar free energy of №, at 27°C when it 
expands from 5 atm to 1 atm, as (i) an ideal gas and (ii) van der Waals gas. Given 
b = 0.039 lit and a = 1.35 lit-atm units. 


(i) As an ideal gas : 
AG = RT In РР, = 2x300x2.303 log (1/5) = —966 cal 
(ii) As a van der Waals’ gas : 


В = b—a[RT = 0.039 — —0.016 litres 


hice | 

0:082 x 300 

^ AG = RT In (1/5) + (—0.016) (1—5) (2/.082) cal 
= —966 + 1.56 = —964.44 cal 


6.11. Free energy change in mixing of gases 


At a constant temperature under a pressure P, the molar free energy of a 
pure ideal gas i is 
s = ир + RT In P 
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Under the same total pressure if this gas be present mixed with other gases 
and its partial pressure be p;, then its molar free energy ^; will be 


щ = BP + RT [n рі 


He + RT In хР, (7 piP = x; mol-fraction) 
= щ° + RTInP + RTInx; 
= H* + RT In x, «=» (6.39) 


the * asterisk. indicates the pure state of the susbtance. 


Suppose at a constant temperature and under the same pressure, т, п», 
пз... moles of different gases are mixed when their initial molar free energies 
are #,*, #,*, #y*,. . . After mixing, let the molar free energies be given by Fi» 
Шз, My, еіс. Since free energy is an extensive property, hence 


Ginitial = mH" + naat + natat +... 


Gon mixing = т, + Nols + nats +... 


1 


+ AGmixing = M(Hi—Hi*) + ns Еа) + mH) +... 


Uusing equation, 6.39, 
AGmixiag = т RT In xy + n RT [n хь n RT In xy +... 
where хі, хз, хз .. . аге the mol-fractions of the different components. 


AGmixigg = 7 RT [(m/m) In xy ct (n/n) In xs + (s/n) In xs +... T 


1 


where п; + ns + ng +... n, total moles in the mixture. 


AGmixing = п КТУ x; In x; ‚.. (642) 
This gives the free energy decrease in mixing ideal gases. When only two 
ideal gases are mixed, 
AG = nRT pa In xy + x In xy] 
о o = n RT {ху Inx,+ (1—3) In (1—x)} 


When AGis potted against x, from this 
relation, a curveas in Fig. 6.6 with a mini- 


el& mum is obtained, The free energy decrease 
а a is largest at the minimum point. 
di 
ds MAG = 0.Solving, it is found at the 
dx, | 
minimum point, x, = 4, 
0 Xi 1 That is, free energy decrease will be largest 


when equimolar quantities of thetwo com- 
Fig. 6.5 ponents are mixed. 
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6.12. Variation of AG with P and T 


At the standard state, AG? = ЛН" — TAS? Чо) 


and at any pressure P and temp. T, AG = AH —TAS -i 


The superscript zero represents the standard condition, P = 1 atm, 
T = 298°К. 
т 


H 
Now EC = ACp, hene ЛНт = АН? + | ACpdT 
P 298 
((^9] | AG [ло ат 
у ӨР ке P 
Again [ ong ТИ УНИ, hence Л5т = AS? + T 


T 
= AS? + [ ACp dinT 
298 
‘SubStituting these in the eqn (ii), 


T T 
AG = AH? + | Acer ras r | ACp dinT 
298 298 
T T 
= AG + Í ACp ar_t| ACpd InT < Gil) 
298 298 t 


The сап (iii) gives the value of A С wher temperature is changed to T, the pressure 
«P = 1 atm) remaining constant. 


From eqn. (6.10), it is easily seen, 


HAG] _ Té 
"m dot AV, hene AG — J (AV)dP 


This gives the variation in AG purely for change in pressure at a constant 


temperature. 
Hence the general expression for free energy-change should be 


T T P 
AG = AG f лекат-т] ACpdinT +f (AV)dP ...(6.42) 
298 298 1 


The three integrals on the rt-hand side can be obtained from experimental 
measurements, hence the change of AG from the standard value (AG?) can be 


ascertained. 
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6.13. Excess Thermodynamic Functions 

The free energy chgnge in the mixing of two pure substances 
(Sec. 6-11) for 1 mole of the mixture or solution. 

AG'nix = RTX, In x, + RTx In хь rs (А) 

This relation is valid for an ideal mixture or solution. In real 
systems, the free energy change of mixing (say, AG'mix) usually 
differs from AG',;,. The difference between AG',;. for non-ideal 
mixtures and AG'mix for ideal mixtures has been defined as excess 
Sree energy of mixing denoted by AGE . Hence 

AGE = ЛС — Лбх E. (B) 

The superscript ‘i’ is used for ideal and the stroke ( ^) is used 
for nonideal mixtures. 

Such differences in other thermodynamic properties for real 
and ideal mixtures also arise when two pure substances are mixed. 

The difference between the thermodynamic function of mixing 
for a real system and that for an idcal system, temperature Vind 
pressure remaining constant, is called ‘excess thermodynamic function’ . 
Thus if Ф denotes any thermodynamic property, then excess ¢ in 
mixing is given by 

фЕ Es $'mix = Pi mix 
Expressions for some thermodynamic functions may be deduced 
as follows : 

(i) Excess free energy, AGE. For the free energy change in 
mixing forming non-ideal systems, the activity function may be 
used, so that 

ING pax 


Ш 


RT x, In а, + RT x, In az, (per mole of mixture) 
RT x In хуу + RT x, In Xs Ya 

RT х, пх; + RT x, ту, + RTxyIn Xa + КТх, In ys 
us (C) 


Then from egns (A), (B) and (C), 
AGE = AG'miz—AG'mix = RTx, Iny, + RTx Inya . . . (D) 


(ii) Excess entropy function, AS®. By definition, excess entropy 
of mixing, 


ASE = AS’ mix — Д8, 


agen an) 
ӘТ jp 
dl 
= — RTx, a — RTx, A — Rx, Iny, — Кх, In ys 


.(B 


a 
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(iii) Excess enthalpy function, AHE 
АНЕ = AX mix — AH ‘nix 
But ДНЕ = AGE, + TAS? 
Multiply eqn (E) by Т and add eqn (D), 


NEE RT| x, emn Tox an .- (F) 


For an ideal mixture, ДН ых = 0, hence 
AHE = AH'mix , (non-ideal mixtures) 


If уу, у» be independent of temperature, then (ди y/@T) would 
be zero ; hence ДНЕ = 0. Therefore, enthalpy change AH’ mix 
even for a non-ideal mixing may be zero. That is, ЛНых = 0, 
does not necessarily prove the ideality of a mixture. 

(iv) Excess volume in mixing, AV® 


AVE = [AG*/0P]r 


any, р 
[from(D)] кт |>, у + ж 224 С, 


Tt is thus seen that the different thermodynamic excess functions 
are related to the activity coefficients of the components of the 
mixture. A determination of the vapour pressures of the solute and 
the solvent would enable the computation of the excess functions. 


Problems 


1. Calculate W, AU, AS, AA and AG for the following processes : 


(a) 10 gm He (ideal gas) expands isothermally and reversibly at 0°C from 
100 atm to 10 atm. 


(b) One mole of steam condenses reversibly to water at 100°C and 1 atm 
[2 = 539.4 cal/gm]. 1 
Ans. (a) w = —AA = —AG = 3125 cal; AU = 05; AS = 1125 e.u. 


(bw = —AA = —740cal; AG = 0; AU = —8970 cal, 
AS — —26 e.u. 


2. The standard free-energy of ammonia at 25°С is —3976 cal/mole. Find 
the values of molar free energy at } atm and at 10 atm at 25°С. 
Ans. —4387 cal; —2611 cal 
3. Calculate the free energy change in mixing 3 moles of hydrogen with. 
1 mole of nitrogen at 25*C. : Ans. —1338 cal 
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4. Three moles of Helium, behaving ideally, expand from 5 litres to 25 litres 
at 127°C. Calculate AG. Ans, —3864 cal. 


5. At 50°C, the едт pressure of water vapour over a mixture of CuSQ,(s) 
and CuSO,, Н,0(5) is 4.5 mm. Evaluate AG for the process, 
CuSO,, H,O(s) = CuSO, (s) + H:O (g), whenP = 1atm. 
Ans. AG = +3290 cal 
6. In the reaction, 

Na + O: > 2NO; AH = +43.2 Kcal, f 
the change in entropy is 5.9 cal/degree. Calculate the free energy change at 1000°C 
and discuss the feasibility of the process. 

7. Calculate standard thermodynamic potential changes to find out if 
(а) metallic aluminium will reduce, CuO, ZnO, CaO 
(b) gaseous hydrogen will reduce CuO, BaO, AgCI (Use tables) 
8. For the reaction, 
2Hg(I) + Clg) > Hg:Cl, ; AH°293 = —264.3 kj 
From the emf of a voltaic cell involving this reaction, AG°29g is found to be 
—205.2 kj. Calculate the standard change in entropy for this process. 
Ans. —192j/°K 
9. At 25°C, the entropies of white tin and grey tin are 6.30 and 6.16 eu 
respectively 

Snyhite > SMgrey ; AH°29g = 0.53 Kcal 
which modification of tin is stable at 25°C? 

10. Ata temperature of —5°C, solid benzene has a vapour pressure of 19.8 mm 


and supercooled liquid benzene 17.1 mm. Calculate the free energy change of 

solidification of supercooled benzene (1 mole) at —5°C. Assume ideal behaviour. 
[Hints : Visualise the transformation reversibly ; (a) vaporise reversibly 

1 mole supercoolea benzene liquid at —5°C and P = 17.1 mm. (5) change reversi- 

bly 1 mole vapour from Р = 17.1 mm. to Р = 19.8 mm. at —5'C. (c) Con- 

dense reversibly at —5°C to solid state at constant pressure.] Ans. —326j 
11. Derive the relations : 


© (as), = а [8], 


(ii) mah od 
12. Show that 
d dee. z), 
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13. Calculate the standard Л С°»в for the reaction, 
CuO + NO(g) — 2CuO + 4N.(g) 


Given standard free energy of formation for Си,О, CuO and NO as —35.2, —30.4 
and + 20.7 Kcal respectively. Ans. —46.3 Kcal 


14. Calculate the change in thermodynamic potential in the reaction, at 
standard conditions, 


(а) CaCO, — СаО + CO; 
(b) Zn + Си++ — Cu + Zn** 


15. Tne red HgO is fairly stable. Its standard thermodynamic pctential 
of formation is given by 


AG'ggoc) = —21600 + 26.47 
Discuss its stability at 500°K and 850°K. 


16. The free energy change in the stretching of a water film (at const Т and Р) 
is given by AG = 75.64—0.14t (ergs) where t is the temperature in °C, Calculate 
AU, AS and AA, when the film area is increased reversibly by 1 sq. cm. at 10°С, 

Ans. AU = 113.8 ergs ; AS = 0.14 ergs/K ; AA = 74.24 ergs 


17. Calculate the change in free energy at 25°C for 
Br,(/) = Brg (aq. solution, conc. = 0.01 m) 


Given, at 25°C, the vapour pressure of pure Вг; = 0.28 atm. The vapour pressure 
of bromine in aqueous solution is given by p = 1.45x, where x is the molality. 
Ans, —7345 joules/mole 


18. Suppose air is an ideal gas with mol. wt. 29 and the earth’s atmosphere 
is isothermal at 0°C. At what height in meters the pressure would be 0.5 atm? 


[Note : G = JT) + RT In P+ Mgh, at height h. Establish Р = Pye МАНАТ] 
19. One mole of CO, a van der Waals gas expands from 3 atm to 1 


atm at 27°С. Find out AG and AA. [Given a = 3.61 I*-atm-mole-* and 
b = 42.8 cc-mole^.] Ans. AG = — 650 cal, AA = —655 cal 
Cy [ӘТ Cp 25) 
i S= => { — iz 
20. Show that d$ = S E: Ле 9 (бу E 
and deduce from it the adiabatic relation, PV”? = const, for an ideal gas. 
oT [ oP 
Also shi TdS = = ар AD av] 
so show that TdS = Cy (52). -y = 


21. The reaction: Ag + 4Hg,Cl, > AgCI + Hg 
The following data are given in calories per mole : 


5% AG's AH"; 
Ag 10.21 0.0 0.0 
Hg;Cl 46.8 —50350 — 63320 
AgCI 22.97 —26220 —30360 
Hg 18.50 0.0 0.0 


Is the reaction endothermic and yet spontaneous at 25°С? Explain. 


CHAPTER 7 


SOME USEFUL THERMODYNAMIC 
RELATIONS 


7.1. Equations for change of Entropy 


The coefficients of expansion and compressibility are given in 
sec 1-9 as, 


Coeff. of expansion, a = J (E or (5), = aV 


ГАТР oT 
. . (a) 
] V 
and coeff. of compressibility, 8 = — y (3 rot 5 Ax —Bv 
sein (Оў 
Further, from these ielations, a) ADR (3) RA 
(see sec. 1-9). eT}/y B OPly a 
Rie (С) 
(i) To find an expression for dS in terms of V and T, we 
have 
as as 
ds e (37), aT + (G), 
S УЦ Cy oP 
(from Maxwell relations) = p den (ar) , TV. е ы (RE) 
er dS = CY ar g V. Iftom(c)above] |... (7.2) 
25 
Also, (5v), = a[B ЖО (122) 


(ii) But it will be more useful to express dS in terms of P 
and 7, 


45 7 (a7), a + (08) ае 


Y Сат д 
(from Maxwell relat mom Ue. х ^ 
rom Maxwell relations) T tor dP eds (1.23 
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ог 45 = Coll — aVdP [from (а) above]... (7.4) 
\ 
8s, _ 
Also 2m T Rp ... (74a) 


(iii) Using the parameters P and V, the expression for 45 
would be, 


ds — 52) „АР (25) av 
(ar), (7), 42 + (57), (27), 
= F (aet (8), а 
i Z B ap Ct, Іду to) 


The change in entropy can thus be evaluated from experimental 
measurements of heat-capacities and coefficients of expansion and 
compressibilities. 


Example : Calculate the amount of heat liberated when one mol of copper 
is compressed isothermally and reversibly at 0°С from one atmosphere to 5000 
atmospheres, (Given : Coefficient of expansion = 5x10-5 and molar volume 
= 7.06), 

By the second TdS-equation, TdS = CpdT — aVTdP, (eqn. 7.4) 
Since the process is isothermal, 


4 = TAS = —aVTAP 


= —aVT(Ps—Pi) 
—5X10-75x7.06 (cc) x 273 x (5000—1) x 1.013 x 10° 
4.2 x 107 
= —11.62 cal 


Example : What would be the rise in temperature when 1 cc of water at 
10°C is reversibly and adiabatically compressed from 0 to 1000 atmospheres? 


[e = 1.5 х 10-5, Cp = 1.005] 
we have, 0 = 745 = CpdT—aVTdP 


aVT 
vH SES 
or A Cp AP 


z 5 ys 
xt 1.5x10-5x 1.0 x 283 x 1000 x 1.013 x 10 0.1019°С 
1.005 х 4.2 х 10° 


\ 
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71.2. Equation for the change in Internal Energy and Enthalpy 
(i) dU = TdS — PdV 
Substituting dS from equation (7.1), 


dU т[ e, T4 (37) av] Pav 


= crar +[ 7 (3), P| av E 

Hence, at constant temperature | 
e UR 1: у E 
Again, ($), = $ hence, 
du = Cur + [p - P]av 08 


(ii) Again, dU = TdS — Pdv 
‘Substituting dS from equation (7.3), 


dU e r[e. 7 (2), а] кайа od e» 


ау. av 
But — dV = EO) dP 
‘Substituting dV in eqn (7.9), we have. 
ЗА, oV oV 
айл бей = т(®® Т), dP —P от). — "(5p | 


[e-e (2) Jor-[r (2), + >), ] @ 


ll 


or. 
= [Cp — Рау] dT — [Тау — РВУ] dP NEC! 
Further, from equation (7.8), a = T(a/pi—P ... (7.11 
T 


au 
OP /r 


The change in enthalpy can also be derived in a similar fashion. 


and from equation (7.10), = PBV —TaV ... (7.12) 
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(iii) dH = TdS + VdP 
Substituting dS from equaion (7.3), 


Him t[crF - эт] ae] + VdP 
or ан = Cedt + [Ут (3) Jar 
ПЕС 
ог (2 = РУТ UT D. 


Equations (7.7) and (7.13), namely, 


$8), = r(5),-" 


| 
ч 
ч 
| 


апа (28 е 


are very useful. This pair of equations are called the fundamental” 
thermodynamic equations of state. These are applicable to all: 
systems. 


(iv) Let us consider one mole of an ideal gas, PV — RT. 
(дР[дТ)у = RIV 


BU). з ару. DONO E 
So $7), = T (oz), P-TL-P-O 


The internal energy of an ideal gas is independent of volume, and 
hence also of pressure. 


лаз (3p), = "- t lor 


The enthalpy of an ideal gas is independent of pressure, and hence 
also of volume (see sec 2.6). 
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For a real gas, say van der Waals gas, 


аР) _ 

(ar Y 

UY дР UR E v 
Hence, av].^ impe ap, Р y 


(cf. sec 2.64) 
(v) Expressions for isothermal and adiabatic work can alse 
"be easily framed. Suppose the system is a solid. 


The work in a reversible process ; w — fav. 


Now dv 


av дү: 
= — BVdP + aVaT 
For an isothermal process ; w = f — BVPdP 
au ви | Pap NY ds КЕ eera... (115), 
-assuming В and V remain constant for the solid. 


For a reversible adiabatic process, (d$ = 0); w= fear. 


We know from equation (7.4), dS = Cp s — aVdP 


But dS = 0, hence ar = ТУ др 
Cp 
Now V —f(S,P) dv = 2K) 45 + PAR ар 

К, _ (a 
when dS = 0, av = ($5 54 

Я = кре 1 (У 
But the adiabatic compressibility, Bs = — y (5 

dV — —sVdP 


“So work, w = [ра = ву | РР 


= —в (255) 2046). 
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HEAT CAPACITY RELATIONS 


(i) Су with V 


we know, Cy = (a ‚= т (25 or, (268) = "Eu 
From Maxwell relations, 
oP as oP as 
эт), = (20), (an), = avar 
Hence, вси). -T en. 1 em 


др 
For an ideal gas ; (=), - 5 => and (27. =), =0 
дс, - 
= 1 = 0 
( àv ), (ideal gas) 
a 
For a real gas (van der Waals), (> + +) (V—b) = RT 
др R PIP DV 
(82), УРЛ ial, ay 
For a real gas, therefore, (E), =0 


(ii) Cp with P. 


aS i д°5 
We know, С, = T (35), а. (Sg) = гагар 
as 
From Maxwell’s relations, (22), me yo ee 
an), і: as 
or, (= — OPOT 


7 ЭР), DE (2) <. (7.18) 
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2 
For ап ideal gas (=), = =, ч, (= 5 = 0) 
QC» 3 
е = 0 
ӘР 12 (ideal gas) 


For a real gas (уап der Waals), RT = PV—Pb + 


Nis 


RdT = PdV — A dV, at constant pressure. 


; (5) SENE. 
ү дт "ER a 
Pk 
ew R 2a д 
Т ТЕЛЕ лер М Эт! 
ITE 
3 R aa d К 
ay pe a 
bos Де] 
7 2aR? ae 2aR: 
Lad. 3 Er 
E ] ys piys E bal 
2aR* 2a 3a 
© eh сс рын. кте U u E 
[ RTV 


Neglecting the second term, on first approximation, 


aCe) _ avy) _ 2a 
we) rl). 26 Dans (190 


Example : What would be the change in the Cp-value of oxygen when at 
27°C, its pressure is increased from zero to 50 atmospheres, supposing it behaves 
as а van der Waals’ gas. Given а = 1.36 litre?-atm. 


P 
2a 2a 
Gee 2H - ся Sen eee 
Р — Cp = ACp | ne ар RE? 


> 50 
= A8, сие х 24.2 = 0.44 cal/degree-mole 


(1 litre-atm = 24.2 cal) 
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Example : How would the Cp of carbon-monoxide, which obeys Berthelot's. 
equation, change when its pressure is raised from zero to 100 atmospheres at 
27°С. Given Р, = 35 atmospheres and Te = 135°K. 


ӨРТ; 6T,* 
Berthel tion : PV ( :[ – = ]) 
erthelot equation RT {1+ 128 TP, 1 T: 


RT 9 RT. 54 RTS 


ог, V= = psp MSS chet ah 
P 128 P, 128 PT: 
(E Ege 27 RT? av 81 RT? 
OT] P) ..P.. 329?P;T* * о, ons (0 82 P,T* 
NT, *31 RT? 
Now, Cp—Cp, = ACp = of um US Rie 
Р CP, P ; lar pee T 82 PT „dP 
ae 81 RTc* 
32 Р.Т? 


= 81 x 0.082 x (135) x 100 x 242 
32.x 35 x 300! 


= 1.307 cal/degree-mole 


7.4. Difference of heat capacities : Cp—Cy 


Some equations expressing (Cp — Cy) have already been giver 
in Sec 2-8. Thereare others of easy application and interest ; these 
are mentioned here. 


(a) Since, S = f (T, V) 
= (57; dy + (25), ат 


ог ras = т (25 2), ay + т (25 „а 
os T (35) = 7 (29), (50), + 7 (т), 
= ome ос 
Hence, Cp—Cy = T (25). (25 > 2127200) 


14 
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Applying Maxwell relations, we have 


Ce oT (8), (33 | ү. ау 


also, Cp—Cy = 7(#), (5 E 2s. (129 3 


: oP ЛА AN, S ў 
Since arly and bar]. are usually positive, Cp is greater than 


Cy in any system. At absolute zero, however, Cp — Cy. 


Also, when (22) — 0, asin water at 4°C, Cp — Cy. 
( oT] p 


Again Р ar 2n =о—1 
дУ/т\9Т/» \ OP) y 

- @@--@ 
aV /т\дТ/Ь 0T], 


BOR e (OP av\? 
Substitu Wy = = – = “6 
ubstituting in eqn. (7.22), Cp — Cy T. А} 2) 


Rewriting we also have 
av\? j/av 
Cp — =- эт ӘР 
P Cy Jim 
j ü (y 
Bop ANE oa Cyr 2029 2 


"This relation is particularly useful for dealing with condensed systems. 


Problem : Find out (Cp— Cy) value of decane at 27°С, given molar volume 

106 cc, the coefficient of expansion а = 1 x 10-* and coefficient of com- 
pressibility В = 106 x 10-* atm 

А аут (1 x 103? x 106 х 300 

Ср — Cy FE 106 x107 cc-atm. 


= 300 x 0.0242 = 7.26 calories 
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Rewriting equation (7.24), we have 
аут ay 
Cp — Cy= —— = | =) CPT 
F V B ( ics) P 


It has been found empirically, for solids at low temperature, the term within the 
paranthesis is constant, i.e., 


ay 
( F es = A (constant) 


"^ Cp—Cy = AC*pT 


"This is known as Nernst-Lindemann equation and is extensively used for deter- 
mination of Cy of solids at low temperatures, which otherwise is difficult to 
measure. 


Р ; y R OPA 9 ^ UR 
(i) In an ideal gas, ($) - ze and nh, “> 
ду 
o-er- (BB, - rte 
i > а\ _ RT 
(ii) In a van der Waals’ gas, (7 T T 
oP R ov R 
(9), те arl, = E (vide Sec. 7.3) 
Uy 
R R 
Rus eer Рие (05) (57 аунау т 
P 
Bae R Sig: у аР 
V—b ( a 2a V—b RT x 2a 
r a) y vi v 
ү RI: R 
ОО УЬ RT [ _ 2a(V—b) 
V—b RTV? 


wd fa UD ups 6] 


arfi 4 ... (1.25) 
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In general, the equation of state of a real gas up to the second virial (for 
moderate pressures) is 3 


= RT + BP 
RT ВР RT BRT 
i.e., P= PETAT ye s (1.26) 


In van der Waals’, PV = RT + (=)? 


j UNESA EP dB а 
RT dT RT? 


: 9 RT; ( ad т) 
In Berthelot’s, PV = RT + 08 Pe 1 T: P 


9 = (1- E 


Bi 


128 P. T: 
dB _ 27 RT 
aT 32° PT? 
From equation (7.26), 
(22 -2 4 BR ala) (&) 
ty OT] р 
i: AR dB RT dB (2), s 
on], wear! var 
From un (7.18), 
f - Ке r (5), ; p EC 
; ar 
е between pressure zero id P, or between E. and V, wecan 
write 
fs av ? pB 
Ср — Ср=0 = — T (25 dP = – T me 
0 JJ 0 
dB 
posi 
К aP Y (RT @B 2к dB 
оте | (22) c nj (Ir tton 
сет (25) ar E mt у)” 
= V LI 
RT д°В 


MM зш. 
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Subtracting, 
ав ав 
Cp — ЕК = Ср=у — Су= + 27? = Е + NM ДИ: Кел) 


for, Ср-о and Cyz „ are the heat capacities at zero pressures when the real 
gases behave as ideal ones. 


dB 
Substituting the values of ar inequation (7.27), 


(i) for van der Waals’ gas 


2a 2aP 
Cr су Re cep R[1 zx] (cf. eqn 7.25) 


(ii) for Berthelot's gas, 5 
27 RTÀ 
Ср – Cy=R+ те wn? + 00.28) 
е. 


Example : Calculate the values of (Ср— Су) for a mole of oxygen at 27°C 
and 100 atmosphere pressure behaving as (a) van der Waals’ gas, (b) Berthelot's 
gas. [a = 1.36 litre*-atm, Pe = 35 atm, Te = 135*K]. 


For the van der Waals' gas, 


2aP. 2 x 136. x x) 
Cp-Cy = R (: + юр.) = 0.082 (! ee | 
= 2.986 calories 
For the Berthelot’s gas, 
27 RT? 
OP OT ae nn 
27 (0. (0.082) (135)* (135° )] “+ 
= [в 082 + (& (85) x G00) x (300) x 100 x 242 = 2.856 cal 


7.5. Joule-Thomson Effect 


Joule's experiment, (Sec. 2.6) in free expansion of a gas into 
a vacuum revealed that the temperature-drop of the system was 
negligible and would be zero if the gas were ideal. But Joule ànd 
Thomson's subsequent experiments on the passage of a gas from 
a higher pressure to a lower one through fine orifices of a porous 
plug revealed a drop in temperature in many cases. 

Suppose the volume V, of a gas under a constant pressure P, 
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is allowed to pass through a porous barrier from the region on 
_ the left to the region on the right where the constant pressure 
is Pa. The volume of the gas 
becomes V}. The process is 
carried out with the slow 
motion of the two friction- 
less pistons at the two ends 
(Fig. 7a). The whole system 
is thermally insulated, such. 
that q = 9. 
The work done by the piston on the left = PV; 
The work obtained from the system on the right = PV 


Then, from the first law, AU = —W = Р-Р, 
or U,—U, = РИ, Р, 

or U, + PV, = О, + PV. 

or Н, = Н, 

ог АН = 0 


This means that іп the adiabatic expansion of а gas through fine 
orifices the heat-content remains unaltered. That is, such adiabatic 
expansion is also isoenthalpic. Nevertheless there is a drop of tem- 
perature generally of the outcoming gas and such variation of 
temperature is called Joule-Thomson effect. 

The rate of change in temperature with pressure when enthalpy 
remains constant is called Joule-Thomson coefficient, 


ji (2), 2. (729) 


In such flow through fine orifices, usually the gas runs into 
lower pressures, i.e., dP is negative. Hence p will be positive if dT 
also is negative, i.e., if temperature falls. At ordinary temperatures, 
most gases cool down in passing to lower pressures through! porous 
plugs. Hydrogen and Helium, however, at room temperatures 
become heated instead of cooling, i.e., ш is negative. We can explain 
this in the following way. We know, 


dH = (22), dP + (37), aT 


t 


peee e a 
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In an isoenthalpic change like the above, dH = 0, 


(7), = – (6), 7" 
o (8) = = (52), lar) 7 e; (82), 
o Bu - e (58), . (7.30) 
Since H= U--PV ip = — cz w e; (SP), 
‚ @з1) 


In the case of an ideal gas, both the terms on the right-hand side 


separately vanish, for, [2 7 = 0, апа [| og”) m 0, hence p= 0. 


The case of a real gas is different. Rewriting equation (7,31) as 


к= —-« ($7), ar „20:129971, 2. (32) 


4 à ðU d aes 4, (OV! 
In this equation, ( ар) „ога gas is usually positive, while 6. for 
any gas is always negative. As a result, the first term is always posit- 


ive. The magnitude of the second term Е ү be negative or 


a | 


may be positive. At low temperatures and atlow pressures, ӘР 


is negative. Under such conditions both the terms in the equation 
being positive, p has a positive value. That means that there would 
be a cooling of the gas. Even at ordinary temperatures, except for 


hydrogen and helium, all other gases show E Ufa or]. negative at 


lower pressures. But at higher pressures [ a) ], becomes positive 


so that second term becomes negative and if its value exceeds that 
of the first term, ш becomes negative. At high temperatures all 


gases have pen L positive, so p is generally negative. 
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The cooling effect is observed at relatively low temperatures © 
but if the temperature be high, then instead of cooling the gases 
become heated, i.e., J-T effect и becomes negative. For every gas 
there is a temperature where » = 0, when neither heating nor 
cooling of the gas due to passage through fine orifices would occur, | 
This is called the ‘inversion temperature T? of the gas. ] 

We shall now attempt to find a useful expression foru. We have — 


as as 
dS = ($2) a (n аР 


ar), 
: GI*- 9 14 
(from Maxwell relations, = T dT ЭТ E dP 
^ Now dH = TdS + уар 
Substituting 45 in it, dH = 7| zr ar — - (sr), 4 m А 
In an isoentbalpic change, dH = 0, hence 
OV 
сыт = т(2). dP — VaP 
дүү ' 
сушы 
oT 1 0 m 
[xm] um 27 кеу oe о. (8А 
= в (8), = с Gr] É 
For a van der Waals gas, 
а аЬ 
PY +3 Pb — ўў = RT 
_ ЕТ са аһ RT a abP 
И р рр руз е р Rr tum 
. (A) 
д JNR a 2abP 
(5), = Р *zn- wr a 
R УЬ а abP. 
But from (А), РЗА nmn (C) 
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Substituting (C) in (B) 
Gr V—b , 2a Зар 


ar qm eme ERT GRIS 


ð 2a Зар 
(57), К UB) yon apa OF 
КОЧЕ; 
ЖЕТТ” PP 
1 
So, from eqn. (7.33) к = cz x wee xem] ‚.. (034% 


At low pressure, the last term is negligible, and hence an approximate 
expression for J-T coefficient is 


a E [29.7 2 
=a Ler ‚| ‚.. (1248) 


The knowledge of heat-capacity and the van der Waals’ constants 
would enable us to evaluate the Joule-Thomson effect at a given 
temperature T. 


At high temperatures a < b, hence p is negative. At low 


24 
RT 
“а is small, E even for ordinary temperatures is less than ‘b’, 
so there is heating in Joule-Thomson expansion. It must be 
remembered that in the adiabatic expansion of a gas, there is 
always a cooling effect due to the decrease in the int. energy in the 
performance of work. But in Joule-Thomson effect, cooling will 
occur only when p is positive. 
Putting и = 0, at the inversion temperature Ti, 


temperatures > b, hence p is positive. For hydrogen, where 


2a 
an-5-9 
or, T, = Ез „. (735) 


The inversion temperatures of some common gases are given here. 
TABLE : INVERSION TEMPERATURES 
Gas | не н, | А | N: | CO; | air 
ой аза ihn St amt Be ROMS 


~ 1500° 603° 


TCK) 202° | 723° | 621° 
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A somewhat different attempt gives very interesting results. 


van-der Waals’ equation, PV + 4 — Pb — = = RT, 
on differentiation, gives 
а 20D V EY, 1s. 
[P= fact =| (52), = к 
Ў ov N RT 
^ T($;), jon ^R M 
- + ут 
2а Заһ 
П т Ж 
TE a 2ab 
Р — p T ys 
Hence from equation (7.33). 
2a  3ab 
dias yr 
era a Заб. 
Po py T ys 
At the inversion point, ш = 0; hence 
2a | 3ab 
PEOR pe i 0 esa EI 
d КЫСК ИЫГЫ 
i.e., = 1535] 2s (037) 


or, from equation (7.36), multiplying by — m at the inversion 
point, 


Py — 2 py + Зар = 0 


ог юта = вт, + 3aP 


I 
© 


gx 2a 3aP 


GE E ds ee 0 > » 738) 
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The equations (7.36, 7.37) satisfy the conditions at the inversion 
point. The consideration of these two equations leads to some 
important generalisations regarding the inversion temperatures. 

(1) Firstly, equation (7.38) is a quadratic equation. Hence- 
for a given value of P, there shall be two inversion temperatures. 
The plot of Т; against P Would be parabolic as shown in Fig. 7b. 
This has been experimentally.confirmed in the case of nitrogen by 
Roebuck and Osterburg (1935). For any point within the curve, ш 
would be positive ; outside«the curve, value of » would be negative. 

(2) Secondly, from equation (7.37) for a given pressure P, there- 
would be two different values of V. These, from the original equation. 
of van der Waals, would give two inversion temperatures for a 
definite value of P. 


— ә 


Q 3b ү» 
2 


Fig. 76 Fig. 7c 
Inversion temperate curve Inversion temperature of a gas 


Now, the initial pressure P, may have any real value from zero: 
to infinity. If equation (7.37) be plotted we obtain the graph as. 
in Fig. 7c. 

From the relation, P — 217 — yx 


P would be positive only between the limits V = os ind. У = 2. 


Subtsituting this value of P in van der Waals’ equation, 


RT = HES 32) 210-9 = 2 n-2]..039 


The limiting values of 7; can be obtained by putting those- 
of V in equation (7.39). 
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When V = œ ; Т = E (cf. equation, 7.35) апа 


E HBb bino) 2a 
when V= 531 = op 


„да 2а 
At Р = 0, the Т; values have the limits Rb and ORB: 


At other suitable pressures also there would be two inversion” 
temperatures. At the lower inversion temperature, the Joule- 
Thomson effect changes from heating to cooling, while at the 
higher inversion temperature the effect changes from cooling to^ 
heating. ^ 


f : Р _ a[6b 2 
Equation (7.37) gives ay ^ Б E та y»: 
The maximum pressure, where inversion would occur, can be 


obtained by putting 2° = 0, ie, V = 3b. Substituting this 
av 


equation (7.37) Pmax = a 
For any value of P less than this, there would occur a cooli ng. 


-effect provided the volume is such as to be within the curve and 
the V-axis (Fig. 7c). For higher pressures, ш would be negativ 


Example : Calculate the J-T coefficient of nitrogen at 27°С and 100 atm” 
-as a van der Waals gas having а Cp-value 8.21 cal/mole-^K. i 
Given a = 1.4 litre*-atm/mole?, b = 0.04 litre/mole. 


Using eqn (7.34), we have 


Enn 3abP 
МА ERF mn 
i 1 [ 2X4 _ 3x1.4x0.04x 100 
8.21 x0,0413 L 0.082 х 300 К (0.082)? x 300? 


= 0.112°K atm 
If the approximate equation (7.34a) be used, | 
p. 7 0.21°K atm A 


For liquefaction, it is essential that the gas should be cooled below its critical 
temperature. Even then high pressure and low temperature are required tO” 
liquefy most of the gases. Of course, the lower the temperature the lower would - 
be the required pressure. In ordinary cases, refrigeration with ammonia OT 
methyl-chloride or dry-ice-ether etc. is sufficient for liquefaction of many gases. 
-But often very low temperatures are needed to liquefy common gases such | 
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as, О», №, He, Hy, etc. In such cases, Joule-Thomson cooling effect is taken 
advantage of. 

The liquefaction of hydrogen and helium proved very difficult due to (i) their 
intermolecular forces being very small and (її) their inversion temperatures and 
the critical temperatures being very low. Dewar (1898) succeeded in liquefying 
hydrogen for the first time by applying Linde’s principle of regenerative cooling 
and using liquid air (evaporating under reduced pressure) as refrigerating agent, 
when a temperature of —200°C was reached. The gas was then made to suffer 
J-T expansion through a nozzle. After a few operations, the gas liquefied. Kam- 
merling Onnes (1908) liquefied helium following a similar process and precooling 
the gas with liquid hydrogen. Helium has acr. temperature of 5.25°K and indeed 
Onnes succeeded in reaching as low a temperature as 0.82°K. Kapitza (1934) 
liquefied both hydrogen and helium by using his ‘expansion engine’ with loose 
Pistons without lubricants. 


7-6. From a knowledge of Cp and p it is possible to compute the molar volume 
at a desired temperature, 


From eqn (7.33) 
av 
си T( 27), - v 
PH aT) > 
Multiplying with d7/T* we find 


Cee? аут. М «(E 
guion Т" je m 


V 
Integrating — — Vo _ Cp aT 
eee “т 

o fs В 


Hence V can be ascertained with reference to a standard for Vo and To. 


Problems 


1. At 0°C and 1 atm, the data for lead given are 
Cp = 6.39 cal/mole, v = 18.3 cc/mole 
a = 82x10-* deg, В = 24x10- cm*/dyne 
Find out Cy value for a mole of lead. Ans, Cy = 6.06 cal/mole 


2. The molar heat-capacity of CO at 100°C and 1 atm is Cp = 7.00 
cal/mole-degree. What will be its heat capacity at 50 atm at the same tempera- 


ture? The gas behaves asa Berthelot gas, having te = —140°C, Pe = 34.5atm. 
Ans, 7.32 cal/mole-degree 
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3. For methane, the following data are given : 

= —82.5°C, Pe = 45.8 atm 
van-der Waals constants : а = 3.59 litre’-atm/mole*, b = 0.0427 litres/mol 
Calculate (Cp—Cy) for methane at a temp. of 100°C and 50 atm us 
(i) van-der Waals equation and (її) Berthelot equation. 
Ans. (i) 2.46 (ii) 2.47 cal/mole 

4. The measured molar volumes of ammonia at different temperaturi 
"under a constant pressure of 40 atm are: | R 


тек) 500 525 550 575 600 
Vilitres) 0.958 1.017 1,076 1.136 1.196 


"Calculate (i) The J-T coefficient at 300°C and 40 atm and (ii) the inversi 
temperature of ammonia, if a = 4.0 litre*-atm-mole~* and b = 0.036 litre 
mmoles. 
What will be the J-T coefficient if calculated from van-der Waals equatio 
Ans. (i) (graph) = 0.34, w(van-dar Waals) = 0.28 (ії) Ti = 2710 
5. Calculate J-T coefficient for oxygen at 0°C behaving as a van-der Wa 
-gas, Given Ср = 7.03, а = 1.36X10* cc*-atm/mole? and b = 32.0 cc. - 
[C.U. 1963]. 
6. Compute Cy and Bs (adiabatic compressibility) for mercury at 0°C and 
731 atm, if y 
Cp — 6.69 cal/mole, a = 181x10-* per degree 
В = 3.88 х10-12 cm*/dyne v = 14.7 cm*/mole 
Ans, Cy = 5.88 cal/mole, Bs = 3.4x 107? cm*/d 
7. Thesp. volume of nitrogen at 20°C and 100 atmosphere was 8.64 сс/ 
-and Cp = 8.21cal/mole. The coefficient of expansion, а = 0.0041 deg. Show 
“that its Joule-Thomson coefficient p:= 0.142° atm. y 
8. For а van der Waals gas, а = 1.39 lit-atm/mole? and b = 3.92x10™ 
‘litres/mole. Calculate its илт at 20°С and 100 atmospheres if Cp = 8.21 e e. 
Ans. p = 
9. A gas follows the equation of state : P(V—B) = 
-J-T coefficient would be equal to —B/Cp. 
10. Using van-der Waals equation estimate J-T coefficient for nitrogel 
-at S.T.P. Given 
c = —147°С, Р, = 34 atm, Cp = 0.2466 cal/g°C 


11. Calculate specific heat of mercury at constant volume (Cy)at 0°С. Gi en 


ӘР 1.0133 x10* 
Cp- 0033: У( 55 ),7 — уура (atm), where 


V = specific volume = 1/13.596 сс. 


OV 
Caa = 1,8x107V. 
9Т/ s ) Ans. Cy = 0.029: 
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12. The inversion curve for Helium is represented by 


= 5.44T—0.1327?—21, (P in atmospheres) 
Calculate the pressure at the maximum point of the inversion curve. What 
is the maximum inversion temperature? 
Ans. (i) Р = 35 atm, Т = 20.6°К (ii) Т = 37°K 
13, If the temperature-change with the change in pressure under isoentropic 


condition is given by us = (0T/0P)s, show that иур = Ус», where p is 
ithe J-T coefficient. 


14. Prove Cp. = r [290] 
15. Establish (22 Мы oy ар ў 


ut oh OD. 


([Hint : Begin with È 
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16. Prove that ($2), = wT 


CHAPTER 8 


THE THIRD LAW OF THERMODYNAMICS 


8.1. Nernst heat theorem 
In 1902 Richards studied the thermodynamic changes in a 
number of galvanic cells at low temperatures and showed that with 
lowering of temperature AG and AH approach each other rapidly. 
That is, at extremely low temperatures, AG and AH tend to become 
equal. Hence, 
Ltt+o AG = АН 


Since, AG—AH = Т [35 l. 
then Lt, T [252], =0 


AtT = 0K, T HAO К will be equal to zero, whether 
Wd; 


——— is a finite quantity or zero. 
KT 1906, Nernst made the bold postulate that for a process 
in a condensed system [29] will be zero in the vicinity of 
IP. 
absolute zero. That is, 
9(^G)] _ 
ито [55 | = 0, ‚ы (81 
i.e. at extremely low temperatures, AG would be constant. 
Nernst further suggested that not only 
AG AG and AH are equal at the absolute 


zero, but they approach equality in this. 
temperature range asymptotically. The 


А equality holds true for some range above 
and in the neighbourhood of absolute 

T- zero. Hence, the variation of AG and AH 
Fig, 8a may be represented graphically as im 


; Fig. 8а. 
This then leads also to the conclusion that, 


Итә ОН) = 0 22.62 
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Stated analytically then, the two postulates of Nernst for. a 
condensed system, are 


(AG) _ 
Ta а WAY Х (8.3)* 
Ltr+0 еч = 0 


These constitute what we call the Nernst Heat Theorem. This 
innocent-looking pair of simple relations have however far-reaching 


consequences as we shall presently see. 
Again, we know from definition, AG = VdP—SdT 


r [229] = — AS, (at constant pressure) ... (8.34) 
Р 
But in the vicinity of absolute zero, x59] = 0 
oT Р 


г. Ltrso AS = 0; ie, 5 = Sı 
In other words, the Heat-theorem may be stated as, 

“In the neighbourhood of absolute zero of temperature, the 
entropy-change associated with any isothermal reversible process 
tends to zero.” А 

The Nernst’s theorem refers only to the change in entropy but 
does not indicate the value of the entropy of the substance at 0°K. 

Even then the theorem has some limitations. 

(i) For example, if at 0°K, 1 mole of A and 1 mole of B be mixed 
or form a solution, then the entropy-change according tothe theorem 
would be zero. И 

Ltr>o, AS = бав — 8а — Sz = 0 
Bat for the mixing, the entropy-change is known to be positive, 

Ltrso, AS = — R$ In +45] = Rin2 = 1.4 cal/^K. 
(il) Again, suppose a substance is present in a crystalline form as 
well as in a supercooled liquid state at 0°K. The solidification of 
the supercooled liquid or vice-versa always woula involve some 
entropy-change. The randomness in the supercooled liquid state 
is always greater than in the solid state. Hence AS # 0. This 
obviously contradicts the theorem, according to which Ltr,o AS=0. 
* Nernst in his orginal paper used the symbols А and U for free energy 
and the internal energy so that 


дА QU 
ито — Ltr>0 әт = 0 


15 
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8.2. The Third Law 


Inspite of its limitations, the Nernst Heat Theorem is the 
Precursor of the more important fundamental principle enunciated 
by Planck, commonly called the Third Law. Since 


ЖАН) _ АН) _ 
Ural ar |, 9 ad [SPP], = Ace, 
hence one of the consequences of the Heat theorem is 

Ltr+o АС = 0, 


i.e. heat-capacities of the initial substances (or reactants) and the 
final substances (or resultants) at 0°K. shall be the same. 

From quantal principles, it was found that at very low tem- 
peratures, the heat-capacity Cp of a substance continuously dimi- 
nishes with lowering of temperature and would ultimately vanish ; 


i.e., Ltr»o, Ср = 0 
This is also corroborated by experiments. Hence at low temperatures 
Cp. Р Ў 
T is zero or a finite quantity. 


The entropy-change due to lowering of temperature is given by 


ато CAT 
AS = т = т 
т т 
or [ dS = f Cur 
Е 
0 0 
T 
Le. St — So = Í ar ... (84) 
0 
Since с is a finite quantity, we can say Sr — S, must be a 


Positive quantity i.e., Sr>So. In other words, the entropy of a 
substance at any temperature must be greater than its entropy 
ai absolute zero. 

In 1906 Planck made the striking proposal in this regard and 
enunciated the third law as, 

“The entropy of a pure solid or a pure liquid is zero at the absol:te 
zero of temperature. 
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For a condensed system, 
(i) Nernst theorem states Ltrso, AS = 0 
and (ii) Planck’s Law states Liz-6909:—.0 


It is obvious that the third law does not contradict the Heat 
theorem rather it supports and makes the latter quantitative. At 
0*K, the reactant solids have zero entropy as also the products 
have zero entropy, hence the entropy-changes, AS = 0. 

In the statement of the Third Law, emphasis has been laid on 
the purity of the substance, for, if the system at 0°К be a mixture 
or a solution, the entropy cannot be zero as has been shown in the 
previous section. According to Planck, the entropy of solutions 
at 0°K have a positive entropy which is equal to the entropy-change 
of mixing. 

Even then the inclusion of pure liquid by Planck in the enuncia- 
tion of the Third Law is not acceptable. A supercooled liquid at 
0°K will have a greater randomness and hence a larger entropy 
than in its solid form. The supercooled liquids like glasses cannot 
have zero entropy but must possess a positive entropy. The Planck’s 
principle would hence be true for pure crystalline substances. The 
third law has therefore been stated in the following form by Lewis 
and Randall (1923) : 

“Every system has a finite positive entropy but at the absolute 
zero of temperature the entropy may become zero and does so become 
in the case of a pure crystalline substance.” 

The third law is not a general one as the other laws of thermo- 
dynamics, for it applies only to pure уаш substances and 
not to all Kinds of substances. 

Two relevant and important comments in respect of the third 
law should be mentined here. 

I. Some solids such as sulpbur, tin, phosphine, cyclohexanol 
‘etc. exist in two or more solid crystalline forms with definite transition 
points. The question is whether the different modifications will 
all have zero entropy at 0°K. The experiments have revealed that 
if the modifications exist in perfectly crystalline form, each one 
of them may. be assigned zero entropy value at 0°K. The oft-quoted 
experiment on the measurement of entropy of B- and y-forms 
of phosphine may be cited. At higher temperatures phosphine 
solid exists in a-form. At lower temperatures В- and y-forms 
exist. The transition temp. (Т) for Ё — а is 49.43°К and for y>a 
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is 30.29°K. The entropy of a-phosphine at 49.43°K was deter- 
mined in two ways. 


(а) The entropy of f-form from 0°K ~ 49.43°К was measured from heat- 
capacities and to this was added the entropy of transition 8 — а. The net-value 
of Sa = 8.14 e.u, at 49.43*K. 

(6) Tn the second experiment y-phosphine was heated from 0°К ~ 30,29°K 
and entropy-rise was determined from heat-capacity measurements. At 30.299, 
y-form changed to a-form and entropy of transition was obtained. Next the a-form 
was heated from 30,29°K ~49.43°K and the entropy-rise was evaluated from 
Cp-values. The net-entropy value S, = 8.13 eu at 49.43°K This striking agreement 
in the results confirms that the two modifications have the same entropy at 0°К. 
The constant value of entropy at 0°K has been taken as zero, since exactly similar 
results are found with other varieties of enantiotropic substances both elements 
and compounds. 


II. Investigations have revealed that some pure crystalline 
solids at 0°К. do possess some entropy. For example, at 0°K the solid 
carbon monoxide has a molar entropy of 1 cal/^K and not zero. 
Similarly N,O, NO-dimers (№0) ес. have residual entropies at 0°K.. 
This is due to the randomised orientation of the molecules in the 
crystal lattice. The oxygen atoms of CO-molecules are іп one direc- 
tion in some points and oppositely directed at other points, as 


C0 0G COR 06. 
0€: 560: EO: 
CO: MOGs со EDN ес. 


If the randomisation were equal in two directions only, the 
entropy S = Ё In W = Кп 2% = R [n 2 = 14 cal/°K. But the 
residual entropy is 1.0 cal/°K, which shows that it is not fully 
randomised. 

Solid ice at 0°K has also a residual entropy. This is due to the 
randomness of the hydrogen bonding of water molecules in the 
crystal lattice. 

At 0°K, solid hydrogen has a larger amount of entropy (about 
1.5 e.u.). This is due to the fact that it is a mixture of ortho and 
para hydrogen and hence the entropy of mixing is involved. Further, 
pure para-hydrogen at 0°K has a zero entropy. But orthohydrogen 
can exist in any one of nine quantum states. This randomness also 
contributes a residual entropy to orthohydrogen. 

It appears that for the application of the third law, the substance 
must be in perfect crystalline state and should be in a single quantum 
state. 
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8.3. Some Consequences of the Third Law y 
(i) By definition, = H—TS арӣ 4 — U—TS 
Hence at 0°K, when S, = 0, 

Go = Н, and 4 = U 


(ii) Since So = 0, at OK 


os 0SY > 
(59): = 0 and ($7), = 0 


BS) pris (ON, aS\ _ (Әр 
From Maxwell, (2), = (27).- and ($7. ү = (7 : 


E PENA ORA _ 
At ск, (S), = 9 апа (27 DN 


That is, at the absolute zero of temperature the temperature coe. ffi- 
cients of both pressure and volume are zero. 


T 
(iii) From equation (8.4), Sr = f Ср T + So 
б 


The third law states the entropy 5 must be finite at all tempera- 
tures. This means at 0°K, Ср must be zero. Otherwise at 0°K if 
Cp is finite, then S cannot be finite. Hence 


Ltr,o Cp = 0 
Similarly, Liro Cy = 0 
(iv) Free energy change of a Process : From equation (2.46a) 
AC» = a + PT YTI + 813... . 
When T =0°K, АС» = Cp, —Cp, = oX0403- ... = 0 
Hencea = 0; .. ACpp = ВТ+у1%+67%++ ...(85) 
Now AS — | сш (et 
= BEY D... 
Again from equation (2.47) 


Ант = дн+ Ёт тат... ‚э. (8.6) 
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40 AGr = AHr—TAS 
В У EJ 
[4m + £r +з Т + A T+ О 


т uh 


s MH: Êr 
TA АН, 2 T? – zT aT - ‚ж (bi) 

It is thus possible to estimate the free energy change (AG) 
at a given temperature for even a process involving solids from. 
thermal data. An application of this is cited here. 


Example : Transition point of sulphur : In the transformation of :а- and 
B-sulphur, we may write, from equation (8.5) 
ACp — BT 


Measuring the heat-capacities of the two forms at a known temperature, 
the value of B was found to be 2.30 x 10-5. The heat of transformation AHr 
at a temperature T was also measured, from which A H was calculated as 1.57; for 


е 


АН, = AHr— £ T* = 1.57 (eqn 8.6) 
At the transition temperature T,, the two modifications of sulphur are in 
equilibrium, i.e., AG, = 0. 


AG, = АН, — fr. = 157—1.15x1077*, = 0 


i] 


369.5°K ; [Expt. value Т, = 368.4°K] 


The fusion temperature of solids may also be similarly calculated. 


or Te 


(v) We know, from equation (5.25), 
= Кп Ў. 


where W is the thermodynamic probability. At 0*K, the third law 
states, Sọ = 0. In other words, 


In W. — 0, or Ww t 
The system must be in a perfect order without any multiplicity of 
microstates at absolute zero of temperature. 


Some qualitative generalisations can be made with regard to entropies of 
substances and their properties. 
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Generally the molar entropies increase with the complexity of the molecules, 
` This is illustrated in the table below : 


Substance molar е. Substance molar e.u. 
NaCl 17.3 CuSO, 27.1 
РЫСІ, 32.6 CuSO,, 5H;O 73.0 
AICI, 40.0 

SnCl, 62.5 

PbO 16.6 CH, 44.5 
Pb;0, 18.3 CH, 54.8 
Pb,0, 50.5 C,H, 647 


Due to perfect order pure crystalline substances have zero entropy at 0°K, 
Rigid crystalline substances having directional bonds have very small entropies 
owing to perfectly ordered arrangements within. Thus, diamond has an entropy 
0.585, boron 1.7, silicon 4.5, e.u. Harder metals have smaller entropies, Fe 6.5, 
Ni 7.12, Be 2.28 e.u., etc. But softer metals having non-directional bonds have 
relatively higher molar entropies, e.g., Cd 12.3, Pb 15.5,K 15.2, елї. etc. at 25°C, 

The entropy-change per mole in vaporisation for normal liquids is practically 
the same, 21 e.u. (see Sec 13-3). The entropy increase in melting is only about 
3 ем. per mole. This is because disorderliness is much greater in vaporisation 
than in fusion. 

Entropy also influences our existence in various ways. Some instances are 
mentioned. (i) Our ever-increasing demand of power is met from burning of coal 
or oil or from nuclear reactors. To produce work, in both cases, considerable 
waste heat is given up to the surroundings or atmosphere which serves as sink. 
This not only increases entropy but also increases thermal pollution, (ii) The 
food we take are mostly made up of very complex molecules which break up into 
a large number of simpler waste products during assimilation. This leads to 
increase in entropy. This can be minimised by taking food in much simpler form 
of molecules, instead of rearing animals for food consumption. 


8.4. The Principle of unattainability of Absolute Zero 


The Third Law has also been stated in an elegant fashion as: 

It is impossible to attain absolute zero in a finite number of 
operations. 

That is, we cannot by any process occuring in finite dimensions 
cool a body to absolute zero of temperature. 

I. It may be understood by considering a reversible cyclic pro- 
cess with a condensed system as represented in fig 8b. Let the con- 
densed system be represented by the point Р at temperature Т, which 
is somewhat higher than absolute zero (Т”). The system is allowed 
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to undergo an isothermal expansion along pq to the point g by 
reversibly absorbing heat Q,. The entropy of the system at p and g 
would be different. 

It is then insulated and subjected to an adiabatic expansion 
represented by gr, until the temperature drops to absolute zero (T"). 

In the next step, the system undergoes isothermal expansion 
at T' ( = 0°K) to the point s along rs. Finally, by adiabatic com- 
pression along sp, the system is returned to the orignial state p. 
The net work would be the area pqrs. 

The following facts now deserve consideration. 

(i) Let the entropies of the system along adiabatic qr and ps 
be s, and sa. It is well-known that two adiabatics cannot intersect. 
[For, suppose in the inset (L), two adiabatics xy and zy having 
entropies =" and $” intersect at y, then the system may be made to 
pass reversibly from x to z by a completely adiabatic path xyz 
and yet with a change in entropy form s’ to s", which is absurd ] 


Fig. 8b 


01) Now let us focus our attention to the process represented 
by rs, this is an isothermal process and as such during the shift 
from r to s, the entropy may change by AS ( = S,— S). But 
along this path, the temperature is zero (r — 0), and the heat 
transferred is given by 

: 8g = T.AS = 0x AS = 0 
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i.e., no heat change would occur. Since Ср is zero at (T = 0), 

heat-exchange with the reservoir is nil, this isothermal has thus 

the peculiarity of undergiong no heat-exchange with jthe surround- 
ing reservoir. Thatis the path rsis also an adiabatic. So the adabatic 
path rs cuts two other adiabatics, which is not permissible. 

Again at the points r and s, T is zero, hence according to the 
third law, S = 0 at both these points. Since entropy remains 
constant along adiabatics, the entropies at p and q should also be 
zero, which is not true. 

In other words, the imaginary cyclic process cannot be realised 
and cannot exist with thé lower temperature process at the absolute 
zero. In consequence of the fact that S = 0, when T = 0, the 
absolute zero of temperature cannot be attained in practice. This 
is why the statement mentioned above is considered as the third law. 

II. It may also be arrived at in other ways. Suppose а body at 
a low temperature (T’°K) is being cooled further by withdrawing 
heat from it with the help of a reversible refrigeration engine working 
between Т°К and Т°К, (T>T7’), minimum work (и) needed to 
extract Q heat from the cold body would be 


iss То, (eqn 4.17) 


Now as the temperature Т” is lowered, more and more work 
would be needed to extract the same ammount of heat. If the tem- 
perature of the body is lowered to O°*K, (i.e., T" = 0°K), then infinite 
amount of work would be required. That is, any finite amount of 
work would not be sufficient to cool the body to 0°K. Hence, 
absolute zero of temperature cannot be attained. 

III. The same can be formally derived as follows. Suppose a 
substance A at Т,°К. be cooled to a substance B at HK umet 
T,>T,. A and B may be perfect crystals of two enantiotropic forms; 
or A may be a magnetised salt while B is the demagnetised form. 

Their entropies would -be 

т, 
Sas) = Sao + Í a 
0 


Ti 
СваТ 
Sacra) = S10) + J =з 
0 
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Now Ltr.o Saco) = Spp» ; and for the cooling process to 


occur, entropy-change must be greater or equal to zero. 
™ Сат T* Саат 
гу Rg Т 
0 0 
Са, Св are positive quantities. The starting temp. Ту is greater 
than zero and hence positive. Hence the rt-hand integral is positive. 
This makes left-hand integral also positive, 


T 
or à SRI 
T 
[1 
This cannot be positive unless T, >0. Thatis, the lowest temperature 


T, will always be positive. The absolute zero of temperature can- 
not be reached, 


The three laws of thermodynamics may now be considered 
as admission of our failures gathered from experience, 


> 0 


First Law : It is impossible to construct a device which con- 
tinuously produces energy out of nothing. 


Second Law : It is impossible to construct a device which will 
continuously transform heat into work completely. 


Third law. : It is impossible to device in practice an arrange- 
ment to cool a body to the absolute zero by com- 
pletely depriving it of its heat. 


8.5. Determination of entropy 


The most important application of the third law is in the 
measurement of the entropy of a substance. 
We have from eqn (8.4), 
T 
5-5 = | Par 
0 


From the third law, for а pure crystalline substance, S, = 0. 
Hence, 


To T т 
5т = f varo f Cpdln T = 2.303 | Ced log T - 
о 0 0 
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This shows that if Cp be plotted against log T as in Fig. 8c(I) or 
alternatively, Св plotted against T as in Fig. 8с(П) the entropy 


Т 
i 
() (п) 
Ї 
€ 
: ш 
log T—> 1 2 o T 20 30 


Fig 8c. The graphical determination of entropy 


Sr can be graphically computed from the shaded areas of the 
figures. Obviously it requires the knowledge of the heat capacities 
Cp from the temperature Т to the absolute zero. In practice how- 
ever Cp cannot be measured at absolute zero or near about it. 
The measurements of the heat-capacities are carried out to as low 
a temperature as that of liquid hydrogen. Below liquid hydrogen 
temperature, extrapolation is permissible with the aid of the Debye 
equation, 
Cy = 464.5 T3/8 

where 0 is a constant for the substance. From a determination 
of C, at an appreciably higher temperature T, the magnitude 
of 0 is known. Substituting @ in the equation above, the values 
of C, in the vicinity of absolute zero are calculated. At extremely 
low temperatures the differences of Cp and C, are negligible, so 
that these values may be used for Cp in the extrapolation of the 
curves (Fig. 8c). 


Example : In the case of rhombic sulphur, the Cp values were calculated 
by Debye equation and E: vs. T was plotted. 


The value of the entropy from 0°K to 30°K (Debye) — 0.12 cal/degree-mol. 
The value of the entropy from 30°K to 298°K. = 7.50 cal/degree-mol. 
Hence, the net entropy of the rhombic sulphur per mole, (measured graphi-- 


cally), $ = 7.62 cal/degree. 
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This method is also extended to determine the entropy of 
gases or liquids, in which the entropy-rise in the fusion or vaporisa- 


T —> 


Fig 8d. The entropy of a mole of CH;NH;CI at 25°C 


‘tion of the substance is also to be added. In cases where the transi- 
‘tion of solids occurs, the entropy-change due to transition must 
also be considered. Two examples are given here. 


Example 1, The entropy of methyl ammonium chloride (solid) at 25°C. (Aston 
et al, 1946). 

The Cp-values were determined down to 12°K and in the region between 
O°K and 12°K the values were calculated (Debye). Between 0°К and 298°K 
(25°C), there exist three different forms of solid, В у — a forms. The entropy- 
changes at the two transition temperatures at 220°K and 264°K were also сол- 
‘sidered from the heats of transition (Fig. 8d), - 


AS 
0°K —12°K (extrapolation) 0,067 
12°K —220°K (8-form, graphically) 22.326 
Transition (By) at 220°K 1.929 (Le = 4252) 
220°K —264°K (y-form, graphically) 3.690 
Transition (y—>a) at 264°K 2.547 (Li = 673.6) 
264°K —298°K (a-form, graphically) 2.555 
33.114 


-. Entropy of one mole of solid СН,МН,СІ at 298°K is33.114 cal/degree. 
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Example 2, The entropy of ethylene gas at 25°C. 


‘ AS 

@ O0°K—15°K (by extrapolation with Debye) 0.24 
(ii) 15*K—104*K (graphically, = уз. Т) 12.25 
(iii) Fusion at 104°K (L/T = 801/104) 7.10 
(iv) 104°K—169.4°K (graphically) 7.90 


(у) - Vaporisation at 169.4°K (L/T = 3237/169. 4) Á 10 
(vi) 169.4°К —298*K (graphically) 2 


2 
The entropy of a mole of ethylene at 25°С = 52.31 cal/degree. 


The entropy of gases thus determined corresponds to the real 
gases. For comparision, it is customary to express the gas-entropies 
in terms of ideal gases at one atm usually at 25°C. This is called 
the standard entropy or the absolute entropy of а gas..It is, hence, 
necessary to introduce correction terms to the observed entropy. 
This correction term may be obtained in the following way : 

Let S, = entropy of the real gas (observed) at 1.atm. 

and Sp = entropy of the real gas at p atm, where {бү S 
From Maxwell’s relation, 


(58). = ( 
ог бев — ] PAR dP 
бг S bU. = J (57), ар NC 


Again, if we take an ideal gas, stead of a real one, and represent 
the entropies by S° symbols, then ] 


s-se-- J (% yje- f Re о, 


Since at.very low pressure Р, real gases behave like ideal ones, we 
have Sp = S^. Then subtracting (i) from (ii), 


1 
5 Opp e R 
se-&- | [ (27), в] 4 
For a real gas, ер Berthelot’s relation, 


oV\ ; 27 RTS ү: 
arl» Ry Xr БТУ [see Sec. (7.3) fam 
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1 
27 ВТЗ 27 RT? 
LN = i-us с а зай M 
51—55, 2 9 ET ар = 32 PT” (Ltp+0) 
_ 21 RTS 


m is infini ll. 
3 P^ (when P is infinitely small.) 

This is therefore the difference between the ideal entropy 
and the observed entropy. In other words, the observed entropy 
27 RIS 
32 P.T? 

In the example of ethylene cited above, the observed entropy 
is 52.31, e.u. The correction for imperfection should be 

27 RTS | 27] 2x(282p 
32 PT? 32: 507 x(298y 
[Р = 50.7 atm, T, = 282°K, for ethylene] 
The absolute entropies of certain substances at 1 atm and 25°С 
calculated from the thermal data are given below: 


Should be corrected by units. 


— 0.028 e.u. 


TABLE: THE ENTROPIES AT 298°K 


Substance Entropy Substance Entropy 
Н, (g) ais 043121 H:O (I) а 16.72 
О» (g) ... 149.00 НСІ (е) W 44.62 
N.(g - io. d 4577 HBr (g) А 47.44 
С» (g) uA 9321 HI (g) EL 49.31 
Вг; (I) ... 3640 CO (g) e 47.30 
Ia (8) 7991190 СО, (9) em 51.06 
С (graphite) эм! 151.36 NH, (g) feos 46.80 
Ар (s) > 102010 NO (д) dd 50.34 
Na (5) Beales bili, NaCl (s) ay. 17.30 
$ (thombic) ТО KCl (s) vg 19.90 
Fe (5) ARGIA CuO (s) EAS 10.40 
Zn (s) sd) 0:83 BaO (s) Ya 16.80 
Hg () А 1:80 Ca(OH), (s) aT 17.40 
Al (s) Bore H CHA AgCI (s) T. 23.00 
Васо, 09268 FeO mre 13.4 

PbCO, МАД Ғе,Оз = 21:5 

ZnSO, ‚ка 307 Al,O5 Ке 12.5 

BaSO, A315 41 MgO SN 6.55 
СН, (g) --. 44.50 CH;OH (I) 31.00 
СН, (9) 25 (19245 C.H,OH (J) 55 38.40 
С.Н, (е) «+. 48.00 CH;COCH, (I) qu 47.80 
CH, (8) e 6434 CHCOOH (I) LN 38.20 


C,H;CH; (g) +++ 7642 | C9H,OCsH; (0 LO 60.40 


THE THIRD LAW OF THERMODYNAMICS 239 


The application of the third law in the determination of 
equilibrium constants in chemical processes will be discussed later. 

The entropy-change in a chemical process can be computed 
from the individual entropies of the participants. Moreover, if 
heat of reaction (AH°) be known, the Gibbs’ potential-change 
AG can also be evaluated. 


Example : In the reaction, 
NO (g) + CO (g) = N: (g) + СО, (8) 
Calculate AS° and also AG^, of the process. 


AS? = 45%) + 5°(СО„)—5° (NO) —S*(CO) 
22.8 + 51.1 — 50.3 — 47.3 —23.7 cal/degree. 


Again, using standard tables for A.H^, heats of formation, 


AH? = 3AH'(Nj) + AH*(COj)— AH*(NO)— AH? (CO) 
= $x04-(—94.0)—(21.6)—(—26.4) = —89.3 Kcal 
* AG? = AH^—TAS? = —89300—298 (—23.7) = —82237 cal 


The reaction is thermodynamically feasible at 25°C. 


8.6. Tests of the third law 


Several experimental facts can be cited to establish the truth 
-of the third law. 

(а) It is a prediction of the law that in the neighbourhood of 
the absolute zero, the heat-capacity and of coefficient of expansion 
would vanish. These have been confirmed experimentally in many 
instances. А 

(Б) It is possible to calculate the change in entropy in the 
transition of one form of a substance into another form. The : 
calculated values correspond to the experimental result. ` 


Suppose there are two crystalline forms X and Y of an element. At the 
transition temperature Ту, AG = 0. Hence, the entropy change, 
AH 


Sy pe 2s (a) 


By the third Law, for both X and Y, the entropy value at T = 0 is zero, 
d.e, Sy=Sy = 0 (Lt. T 0). Then at temperature Tt, 


T T, 
i б 1 Cy 
Sx = | Zar and Sy — f т “Т. 
0 9 Я 
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\ т, 
tCy— 
or a eem | Cre ar КТ. 
0 

‚ The two methods (a) and (b) give the same value of the entropy-change. This. 
has been studied in the case of white tin - grey tin, quartz-cristobalite, calcite- 
aragoniteetc. The most satisfactory results were obtained with tin, which confirms. 
the third law. 

Brónsted studied the thermal properties of the two forms of tin. He found 
that Sess (white) = 11.17 and S, (grey) = 9.23, so that Ав = —1.94. 
From the measured heat of transition and free energy, the value of 

ASe = —1.87, which is quite satisfactory. 

(c) On the other hand, if we have a cell with grey tin as one electrode and 
white-tin as the other electrode dipped in a suitable electrolyte and if we measure 
the temperature coefficient of the cell, then AS would be known. For, by Gibbs. 
Helmholtz relation, 


The value thus obtained agrees with the value obtained from heat-capacity data 


- with the third law. 
Similarly, in the following reactions, AG and AH were separately determined 
(from e.m.f.) and calorimetric measurements and AS is calculated. These values. 
compared favourably with those obtained from the third law. 


TABLE : ENTROPY-CHANGES 


Chemical Process AS (Gibbs-Helmholtz) AS (third law) 
Sn (white) >Sn (grey) —1.87 —1.94 
Ag + НЕСІ = AgCI + Hg +7.78 +770 
$Pb + AgI = Ag + РЫ, —3.99 —3.69 


(d) The entropy-change, say at room temperature, of the reaction 
2Ag + Cl = 2AgCl 
is given by AS = 2Sagci — 2Sag— Sci. 
or Sci, = 2Sagci — 2Sag— AS 


The value of AS can be determined experimentally from a knowledge of AG 
and AH of the process. Moreover, Sagci and Sag are ascertained from the 
heat-capacity data with the third law. Thus we know the entropy of chlorine, 
Sci, The value thus obtained approaches the value of $с1„, directly determined 
by the third law. This indeed is a proof of the validity of the law. 

(е) From considerations of statistical mechanics, the entropy of a mona- 
tomic substance (mol. wt. М) at a temperature T and pressure P has been shown 
to be : 

i QzMkTY/| RT |$ 
s= къ [0 A] 


In case of polyatomic molecules, vibrational and rotational contributions. 
are also to be considered. 
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Now, the entropies calculated with the help of the statistical formulae are 
found to be almost the same as determined from the third law. Some of the 
results are given below: 
4 TABLE : ENTROPIES 


Substance S (Third Law) $ (Statistical) 


Helium 29.2 29.8 

Argon 36.4 37.0 

Mercury Vapour 41.3 41.5 

Hydrogen Chloride 44.5 44.6 | 

Cadmium 40.0 39.8 
Problems 


. т 
1. Show that’ ^ 'AS*p = AS"r, + | Cpdln T 
To 

In the reaction, Cu,O +C = 2Cu+ CO (g), ЛН? = +3000 cal. The 
standard entropy of Cu,O = 24.1e.u. Evaluate the lowest temperature at which 
` the reaction is thermodynamically feasible. Compute the value of AG at 
127°C. [use table of entropies] 

2. In a voltaic cell, Zn—ZnSO,, 7H,0 || He,SO,—Hg, the net heat-change 
for the chemical reaction involved is AH = —33360 cal/gm-equivalent. The 
difference in heat capacities of reactants and resultants ACp = 0.95 cal. Use 
Nernst Heat theorem to compute the e:m.f. of the cell. [Hints. Evaluate AH? 
with В derived from A Cy and thenfind ДС]. Ans. E — 1.459 volts 

3. For Nitrogen, the following experimental data are given : 

Debye function, 0 = 68; Transition temp. of solid nitrogen 35.0 K. 
(AH; = 54.7 cal), m.pt. 63. YK (AH; = 172.3 cal); b. pt. 77°К (Л Нуар = 


1333 cal). 
35 63.2 тп 


dS = 6.04 ел; dS = 560 ел.; | dS |= 2.73. 
10K 35°К. 63.2°К. 
Show that the entropy of nitrogen at its boiling point is about 36 e.u. per mole. 
171.1 
4. For chlorine, | dS = 16.9 eu.; m. pt. 171°K; b. pt. = 239°K ; 


ок 
239 


dS = 523eu.; Cp = 802. са, Ly = 1522.8 cal, Буор = 4875.6 cal. 
171.1 


Calculate entropy of chlorine at 25°C and 1 atm. pressure. 
Ans. $*,,,—53.4 e.u. 


5. Calculatethe entropy of a gm-atom of silver form a suitable graph with 


following data: 
Temp'K 15 30 50 100 150 200 250 300 


Ср (cal) 016 114 228 479 5.49 580 5.91 609 
At Т = 0°К, Cp = 0, and assume Ср = const T” is valid in the vicinity of 
absolute zero. 

16 


CHAPTER 9 


PARTIAL’ MOLAL QUANTITIES : 
CHEMICAL POTENTIAL 


9.1. Partial Molal Quantities 


For closed systems, in which mass and chemical composition 
are fixed, the thermodynamic properties (such as, free energy, 
entropy, enthalpy etc.) depend usually on three parameters, P, V, Т 
of the system. These are interrelated through some equation of 
state, so that any two of them can be taken as independent variables. 
So, any thermodynamic property, X, may be expressed as, 


X = PT) o X m f£), ete. 


In open systems in which mass and chemical composition may 
change, the extensive properties like; Ú, F, S, V, etc. must depend 
upon the amounts of the components present in the system. So, any 
extensive E woes property, X, should be represented as, 


nia =n S (Ps T, May Tas tgs о) 


where, ng, ng . . . etc, are the quantities of 1st, 2nd, 3rd components 
in the system usually expressed in gm-moles. 

Let us now consider small changés in all the variables of the 
system; including the amounts of the components. The net change 
in the thermodynamic property, Y, will be given by, 


ox Р ox 


dX = 
Р) +. (эй + (Sl „+ 
а (а. + s. PNIS мев 
The term (&) is called the partial molal property for 
Oni lp rna... 


the first component and obviously denotes the rate of change of . Y 
on addition of one mole of the first component when all the other 
variables remain unchanged. This is usually denoted by putting 
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a bar over the symbol for the property, such as Х,: The partial 
molal properties of the different components, then, would be, 


m ox vi ox 
Жз aah х= a) ; 
1 ON | P,T,na,n5... f дт; | Porn...” 


If the system undergoes a change only in the masses of its com- 
ponents, at constant pressure and temperature, we have, 


ax + 
Хрл, ia (= дп, јем Р, UAE x ham + Ns. (2 йз ae Ox 
= Уап, + Хп, + Xgdng+... VESKOT) 


It may be remembered that Y stands for any extensive thermo- 
dynamic property. Thus, at constant temperature and pressure, 
we may express the changes of the volume or entropy as follows : 


— (2 
drr, = 9x) ds, t EAT Po Mise 05 dn st or 
Vidn + Vadn, + Vadna +... 
Ог, 


Spr = ALONE [2 i э; Met Ла d 


4 


= S,dn, + Sdn; + 5$зйпу + 
That is, Ф сле 


Partial molal volume of the Ist component = x) Er 
75 f PT na ns... 


as 2 
Partial molal entropy of the 2nd component =; (ж). A = 5, 
saves 


Similarly, for the ith component in a system 
eee 
дт | рта... 


Partial molal internal energy = 


i} 


Partial molal enthalpy (Е an, | ot 
i CERTES 


etc, etc, etc. 
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9.2. Chemical potential 


The change in the free energy, G, may also be expressed, at a 
constant temperature and pressure, in the same way : 


[0G 0G н 
! (dG)pr = (2а + (5. @ + Beats 
= Gdn, + Gadna, + Gdn, +... „ә (92) 
The partial molal free energy denoted by (2) i} for theith 
oF My Mace 


component has been given the name chemical potential by Willard 
Gibbs universally represented by the symbol ш; . 


dG 


ais » б TAA 


Le., 


dGpr = dry + padng + padng +... .. (9.3) 


The chemical potential p; therefore is a measure of the free 
energy of Gibbs potential increase of the system due to addition 
of 1 mole of the ith component at constant temperature and pres- 
sure when other components remain unaltered. This, it would 
be soon realised, has a unique importance in dealing with the 
various processes, 

At const. P and T, suppose all the components are increased 
in the same proportion of their initial amounts. That is, the increase 
of Ist component is л, Ax, of the second component Dy AX, +. . etc, 
ith component will increase by n;Ax moles. Hence, 


dn, = Ах, dn, = п, Лх, ат = nix, ... 


Since G is an extensive property, its increase, dG = G.Ax. From 
equation (9.3), then ` 


dG = ug AX + pats AX +... d ptAX +... 
or GAX = (ап, + paa + pais +...) Ax. 
or G = шт + pats + pats +... ‚2. (9.4) 


where G stands for the free energy of a system containing 7, na... 
gm. moles of the respective components, 
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Now complete differentiation of this equation (9.4) gives us, 
dG = (шаһ + padna + pads +...) 


+ (аш -F ndis + nadya >...) 220959) 
Subtracting equation (9.3) from equation (7.5) 
nide + пайиз + nadug b... = 0 2+. (9.6) 


We have thus three useful relations for chemical. potentials 
with the composition of the system, 


G) G = шт + ит Fps +... = Dun | 
(ii) dG = mdm + pdn, + padn +... Хий p 097) 
(й) 0 = mdu -- Tudus + midis ++... nda.) 


These are commonly known as Gibbs. Dukem relations. 

It must however be noted that the partial molal free energy 
(i.e., chemical potential) is independent of the masses but is not 
independent of the composition of the system. Though it means 
the increase of G of the system per mole of the added substance 
but the increase depends upon the composition of) the system. 
Thus if we add 1 gm mole of water to (а) one kgm of pure water 
and to (b) one kgm of a salt solution, the increase in Gibbs potential 
will not be exactly the same. To be more precise, it is the increase 
in the value of G at constant temperature and pressure from the 
addition of 1 mole of the component to an infinitely large quantity 
of the system such that the addition does not materially alter its 
composition. This also applies to other partial molal Se 
like partial molal volume, or partial entropy, ete. Pit 

If the system contains a pure material, then С = «Xn, ог 


= б/п = б. In this instance, p is the molar free energy. 


9.3. General Concept of Chemical Potential 

It has just been shown that the chemical potential р is the 
partial molal free energy; (dG/dni) p,r,n,,na,.., but it can be expres- 
sed as partial molal quantities of other thermodynamic functions 
though not at constant temperature and pressure. 

We know, change in work-function, 

dA = —PdV — SdT 
so that (04/0T)y = —S; and (04/0V)r = —P ... (а) 
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And also, dGp,r = dU + PAV — TdS ск 
(see Sec. 6.2) dA = dU — TdS — SdT 
dGp,r = dA + PAV + SaT hi 


The work-function (Heimhottz function) may be expressed as, 
978 4 = АТ, V, п, ть...) 

азо Гәдә дА 84 дА 

or dd = (54) ar + FAN з) dno (24 ant... 


лула. Тула. | Ө дп» | T, Vnus. 


Ay ESTAS EN 94 дА 
from @) 70 КЕ МС ( On, | du (2; Wu c me 
Substituting this equation in (c) above, 
EU o uo 
А С, => p ZA a eee .. (93 
m vn { (os) ate (25 M E 


Comparing equations (9.2) and (9.8), 


о (0A). END | ab 
t VOTI | Y T na ny... дп; P,T rians п 
IANS Oc ede дА \?ё 2С 


The chemical potentials (и) are the rate of change of Work function, 
A, рег mole at:constant volume and temperature. These are not 
partial molal work functions as the pressure is not constant. It 
should be remembered, » 


[84 ^3 
en CARES 4 = n 


Likewise the chemical potential can: be expressed in terms of 
enthalpy, entropy, etc. For example, since dH. = TdS + VdP, 


Shean at aH) _ Hy o 

. hence, [as oer and [E MEN AP xd) 
Again, dGpr = dU — TdS + Рау. in 
and dH =dU+VdP + Pdv 


dGpr = dH — TdS — VdP ^. iSi (e) 
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Expressing enthalpy, as, 
Н = f(P, S, myng ..-) 


ан = (5p) ge (25) (= да+ 
in o 1 
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(from d). = VaP + TdS 4 (E) а + (2 digi 


P, Sna 


from equation (e), by substitution, 


бкл E а [5] + TN 


Comparing with equation (9.3), 


NEC] 
He Tee КӨШ s udis ^r Ж Oni 1р,5л\,... 


. (9.9) 


The rate of change of enthalpy per mole at constant entropy 
and pressure; equals chemical potential but is not the partial.molal 


enthalpy as the temperature is; not constant. 
Tn the same way, it can be shown, 


phon Eur Veiis PH DE ji zi hei EY. 


9.4. Effect of Temperature on Chemical Potential 


(9.10) 


The chemical potential of the ith component in a system, a 


Е Gr) PI, ; and hence EZ : 2G 


: әс 6 aS Е 
Again, —5 = (27 оен: а, = gran 


эу OndT 


eG 
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Since dG is a perfect differential, 


дш i 9 
ЭТ, в) ENNMC 


That is, the rate of change of chemical potential with temperature. 
of a component is equal to its partial molal entropy, pressure 
remaining constant, 

Application of Gibbs-Helmholtz relation gives 


= G В. — Т8; 009906 


From (9.11) авот 
aT] pn, 


Multiplying by (—1/T?) and arranging, 


= т (м KS 


ve (=a Сов ; 


This is similar to the Gibbs-Helmholtz relation for a closed syster n 
(Бап 6.26.) and is often found to be very useful. А 


9. 2s Effect of Pressure on Chemical Potential 


"Sine ug 5 yup — ЗАТ, or Gz), = 


енна у: Pn = =. (27) Bliss = (ў; (partial molal volume) — 
f ag аи] 
А дш 
Баш = (08)... nd hence. S AP! \aP |, 
n ME 09} 
Hence, 2. = ‚©. Q4) 


ӘР. Тл; 


The rate of change of chemical potential of a component with 
Pressure at constant temperature is equal to its partial molal volume. 
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If the system be one of ideal gases containing л moles, of which 


т, Ng, Ng ... are the numbers of moles of different gases, then, 
the volume of the system, 


V = (m+ mh ..: ле...) RTP) 


dV Y^ RT 5 
E = L6, Ve = RP 
csv VERLA ШЫ a | 


dui RT 
‘So, from eqn (9.14); [22] = => AACR] 
qn (9.14); (әр E ( 
dui = RIdinP » + + (9.16) 


But the partial pressure of the component p; = xP; where x, 
is the mol-fraction of the component; x, = т/п. In a. given 
system x; is constant, and 


In pi = In xis InP 


or dinpi = dinP BARRE ki) 
Substituting in (9.16) ; du, = RTd In pi А 
ог pi = АТЇпр + pi (constant) 21020918) 


where the constant pip). denotes the chemical potential of the 
component under unit pressure. 


Since р; = XP ; hence ш = RT In xP + шр) 
or ш = RT In xi + pis (Constant)... (9.19) 


If the system contains a pure substance, X; = 1, so that 
иу = pi = тоја! free energy of the substance. _ 

The same expression for chemical potential would apply to 
components present in solutions or mixtures in condensed phases. 


Because at eqm the chemical potential in the liquid or condensed 
phase will be the same as in the vapour phase at едт hence 


pe = RT In pet и) | 


Because in dilute solutions mol-fractions are proportional, to 
molar concentrations C eqn, (9.19), may be changed to 


pi = RT In Ci шә ae (9.20) 


250 З THERMODYNAMICS 
The chemical potentials for ideal systems can then be summarised z 
j ш = RT In pi + ш 
ш = RT In x; + иу «i. . (921) 
ш = RT in Cit ufq 


The way the chemical potential changés With pressure can be seen 
from the table below, for ideal gases at 25°C, 


TABLE 


Since the laws of ideal gases are also extended to ideal solutions, 
the relations of (9.21) will hold true in the latter also, 


И must be remembered that the magnitude of chemical potential (i.e., partial 
molal free energy) would depend upon the composition of the system. For 
a Pure substance jx will have a constant value independent of the total “mass and 
isidentical with its molar free energy. 


"^. The equation (9.21) for chemical potential, 
ш = RT inp; + prip) 


is valid for ideal gases Only, since it is derived by assumming V; = 
ЖТР. In real gases, this is not permissible ; for V; an expression 
from van der Waals’ or some Other equation of state has to be 
introduced, That would be a cumbrous and lengthy undertaking 
leading to unwieldy expressions for д. It was Lewis (1901) who 
Introduced a new function, f, called fugacity, to replace the pressure 
in the equation for chemical potential. The fugacity, in substituting 
the pressure, will include in it the imperfections of the real gases 
and yet retaining the form of the equation. We shall see that this 
gives us a computational advantage and is the outcome of the desire 
to keep the thermodynamic Superstructure based on gas laws 
unravaged by deviations of real gases. It is an artificial concept 
for expressing the pressure and yet quite useful, 


For real gases, ш = RT In £4 ufo . v. (9.22) 
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It is also common knowledge that real gases tend to behave ideally 
at very low pressures. That is, 


Lt p—9, f/p—1 


Before we proceed any further with chemical potential and fugacity, 
it would be worthwhile to consider some aspects of different partial: 
molal properties. У 


9.6. Apparent molal quantity 


Consider a binary solution containing z, moles of solute- 
dissolved inn, moles of solvent." The suffix 1 shall be used for solvent 
and 2 fòr solutes. If X denotes the value of a given property of the- 
solution and X, and X; of the components, then in an ideal case, 


X = 1X, ns. 


But in actual cases, such additivity does not hold true. The 
contribution per mole of the solute to that property of the solution 
may be expressed by ¢z,. Then, 


HIR e 210923) 


This $z, is called apparent molal property. Though it has little- 
thermodynamic significance, nevertheless it is often quite useful 
in evaluation of true partial molal quantities of components of the- 


solution. f 
Thus, apparent Gibbs potential or molal volume of the solute 
in the binary system would be given by 


фот = (G—nGj)fm ; Ф, = (y—n Vins 

9.7. Determination of Partial Molal Quantities 

Of the different methods used to find out partial mola] quantities. 
only two are mentioned here. х 
Graphical Method. The apparent тоја! property, 

= y= п; + Mabe, 

where X is an extensive property of the mixture (i.e., solution): 
and X, is the partial molal property of the solvent. 


"property to be studied per gm-molecule of the mixture (or solution) 
оа | . 


to п, then 
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+ If the amount of the solvent ny be kept constant and the уа 
of n, be changed, we shall obtain a series of values of Фу. 
differentiating Y with respect to л» (at constant л,), 


2 Wa) = фи Aba) 


{ dinn, 
S ус. 1_ dd.) an 
or X-4, + X38 Тор, е) 


Now, if we plot the apparent’ шо 
Property ¢2, against log п the slop 
of the curve at a given point log 7, 
divided by 2.303 and added to 
apparent molal property will give 
the value of the partial molal pro- 


3 


perty (Fig. 9a). B 


i 3 юз, Method of intercepts. This is a V 
Fi Es useful and convenient method d 
Graphical determination the determination of the partial molal 
partial molal quantity quantities, 


If y denotes the mean value of 


Miss it E 
y map) bes X = mon) 

(my, п» are the gm-moles of the components in the mixture). 
At constant temperature and pressure and at constant Ts (Le ` 
constant amount of the solvent), if we differentiate with respect - 


dud hs [э] - yc (m+ n) z 1 (9.25) 


The mol-fraction of the solvent Л, = пу](пу + ng) Ee 
Hence, at constant n, 


BN wr айыз шый c vo. 
dn; (т + ng л + п 
ог 0» dN, S № dy 


аћ` Ф ocum пу AN, 
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Ur yia LS GIN еду: 
diis Dy nj* dN, 
Substituting this in equation (9,25), 
Y d 
X c y NS (9.26) 


dy 
Since aN; is not dependent on 


the way N, is computed, it is 
no longer necessary to assume 
n, as constant in equation 
(9.26). 

The observed mean value of 
the property per mole, y, are 
plotted against mol-fraction of 
the solvent Nj, as the curve CD 
in Fig. 9b. Letthe point Z repre- 
sent the mol-fraction of the 
solvent. in the solution whose 
partial property is to be studied. Fig. 95. Partial mulal quantities 
Draw the line MLN parallel to from the method of intercepts 
N,-axis and draw, the tangent 
PLQ at the point Z, Then the slope at М is tan ZPLM, or 


PM =N, EA 


Hence, Хау = AM — РМ= AP 


dy 
N, IN; 
Similarly, it can be shown X; = ВО 

So, the partial molal quantities-of both the components of 
the solution can, be ascertained from. the intercepts of the y-axis. 


9.8. Partial molal heat of solution 


If q quantity of heat be absorbed when n; mols of A are mixed 
with n, moles of B to form a homogenous solution, q iscalled the 
total heat of solution. If, in a given solution we add a small quantity 
An, moles of A (other factors remaining constant) and Ag heat 
be absorbed, then 
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Obviously, д; is the partial molal heat of solution of А in the given 
solution. This is also often named as.the differential heat of solution. 


Similarly, 7a, is the partial molal or differential heat of solution 
-of В in the given solution, 
When the partial molal heats of solution are known, the total 
heat of solution can be calculated, for еў 
dq = 4уїпү + Goditg 
i.e., q = п + пй» s.. (9.27) 
Thusin a solution containing 0,1 mole of sulphuric acid in 2.0 moles of 
“water, the partial тоа! heat of solution are given as —45 calories for water and 
= 46000 calories for H,SO,. The total heat of solution will be 
9 = —45x2+0.1 x(—16000) 
= —1690 calories. 
It is to be noted that the values of the partial molal quan- 


‘tities q, and 4 would change with variation of the concentration 
of solutions. It is a common convention that when the so-called 
solvent component is added to a solution, the heat-change occur- 
ting is called the heat of dilution. 

Suppose n, moles of A (solvent) and ль moles of В form a 
solution to which т,’ moles of solvent is further added. Let 2, 

t pe \ р: ЖА 2 s ў 
And 4 are the partial molal heats of solution of 4 and B in the 
original solution and q,’ and 7, are the corresponding values in 
‘the final diluted solution. Then 
ү == DA T Mago 
4' = (ni ng! + gg’ 
toga = 0 = = (e mas ngs! gy nag, 

In the example given above, we have seen that the heat of solution’ of 0.1 
mol H,SO, {п 2 mols of water is —1690 cal. What would be the quantity of 
heat absorbed if we add another mol of water to this solution? Given : in a 
solution of mol-fraction Na = 0.033, the partial molal heat of Н,50, is —18500 
cal. and that of water —20 cal, 7G ! 

31: The total heat. ofithe final solution: 

PS n'a! (n Hi gs ол € (— 18800) +з (20) = — 1910 cal. 

7. "Heat of dilution = — 1910 — (—1690) — — 220 cal. 
These thermal quantities can also be explained from a considera- 
tion of the molal heat-contents of the components. 


о 
cn 
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9.9. Partial molal heat contents 

The molal volume or the molat heat capacity can be directly 
measured, but it is not possible to determine the molal heat content 
directly. In measuring molal heat content Н, we. have to refer to 
some standard state and then express it as whether it is less or greater 
than that in the chosen: state. So far as the solvent is concerned, 
the reference or the standard state is the pure state of the solvent. 
The molal heat content of the solvent in the pure state is denoted 
by Н\°, the suffix (^) indicating reference state. This is the same as 
the partial molal heat content H,° of the solvent in an infinitely 
dilute solution. In the case of solutes, the partial molal heat-content 
НУ is its molal heat content at the infinitely dilute solution, which 
is recognised as the reference state of the solute. 

The difference between the..partia] molal heat-content and 
its тоја! heat-content at the reference state is called the relative 


‘molal heat content, denoted by L. So, 

L, = HH; L, = Hj-Hy 
"Now, let H denote the heat-content of a solution formed from л, 
mols of A (solvent) and л» mols of B (solute). Let H,°, Н, be the 


molal heat contents of A and B respectively and g be the heat of 
:solution. Then › 


q—H-—nHy —nH? „ж (9.28) 


To the given solution, if we add a small quantity (dn,) of А, 
ithen the partial molal heat-content of A in the given solution is 


rd 
ta = (а), 
"Further, the heat absorbed on addition of the solvent A to ‘the 
-solution per mole is 


.ie., the increase in heat-content of the solution over the heat- 
«content of the added substance. Or, 


а = = Н? = `В, й = Г .. 49.29) 
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That is, partial molal heat of solution of A is the relative molal 


heat content of A, This is also the differential heat of dilution: 
Similarly, for ths solute, Г, = HW, — H,° 

In equation (9.28), we can substitute Has n,H, + nH, 

and obtain q = Hy, 4- mH, = yA? — пй, 

nL; + nb, = L 


which may be called the total relative heat-content of the solution. 


\ 


I 


9.10. Partial molal heat capacity 


The heat-capacity Cp of a solution containing п, moles of A 
and n, moles of B is defined as 


SR (БЕД. e v (9.30) 


where Н is the heat-content of the solution. 
The partial molal heat capacities may be expressed as 


АГ fer pie Сон (ж) Рл 


so that, the total heat-capacity of the solution Cp would be 


С» = nC», + nC», 
Differentiating (9.30), 


dcr BH | a 
Әт Oren,’ ©? Cr, = ӨӘТдп, 


But we know, A, ЭН. әй, eu. 


i 
o 
S 


an,’ ЭТ! maT 


From equation (9.29). 2, = Н, — Hy 


OL _ ah) _ DS 
әт = Vor 


ог 


т) = Cr = Ge 
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Where Ср,° stands for the molal heat capacity of the component 
in the standard state, That is, from a knowledge of the partial 
molal heat-capacities, it would be possible to measure, the change 
of the relative partial heat-:ontent of a solution. 


9.11. Partial Molal Volume 


The partial molal volume is the change in volume obtained by 
adding 1 mole of a component to such a large volume of the solution 
that the change in concentration of the solution is negligible, the 
tempera.ure and pressure remaining constant. 

Suppose V litres of a solution is formed by dissolving 1 mole 
of a solute (mol. wt. М») in n, moles of solvent (mol. wt. Mi)» 
Let the density of the solution be p gm-litre-?. 


Then р = (nM; + M3IV 

or n, = (pV—M,)/My 

2o. co edV + Vde , aV M Mi 

=" sence (д), = ут Yay 
Since c = 1/V; V(8p]gV) = — с(др[йс) 

; А av Mi 

` = (< = 1 ... (9.31 
“, Partial volume, V; CAVES 5200808) (9.31) 


Similarly Ў, can also be expressed in a similar manner. 

The densities (p) of solutions of different concentrations’ (с) 
are plotted against (c), Then dpļdc is obtained from the tangent 
of the curve at the desired point. Substituting p and 'dp/dc in eqn 
(9.31), the partial molar volume is obtained. 


water is 18 с.с. at 4°C and that of 


Example. The molar volume of pure Hd 
ethyl alcohol 58 c.c. If 1 mole of each are mixed together and if the mixture were 


ideal, then 
Via = 18 + 58 = 76с.с. 


different moles of alcohol аге added / 
The slope of the curve at апу point is the partial molar 
The partial molar volumes as determined from 


are shown in Fig. 9d. PENA 
The shrinkage occurs upon mixing when the forces of attraction between 
unlike molecules are greater than those between like molecules, as in this case 


17 : T 
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of water and ethanol. The partial molal volumes would be usually less than the 
molar volumes of the pure Components, If the intermolecular attractions are 
weaker, then expansion occurs on mixing ; the partial molal volumes would 


m in imole H20 0 


Xalc 1 
Fig 9с. Vmin VS na Fig 9d 


be greater than the molar volumes of the pure components. If the interactions 
between the like and the unlike molecules be the same (benzene and toluene), 
the partial molal volumes would be the same as the pure molar volumes. i.e. 


И = nV? + n Va. 


Problems 


1. Derive : EN; (dui — Vi dP — S4 dT) = 0 

Show that the partial molal free energy of a component in the two phases 
in equilibrium will be the same. 

2. At 25°С, the volume of a solution of NaCl per Kg of water is given by 
V = 1003 + 16.4 т + 2.5m*—1.2 m? provided the concentration is more than 
9.3 molal. 51 

The molar volume of pure water, V, = 18.07 c.c./mole at 25°С. Show that 
in a 0.5 molal solution, V, = 18.00 c.c. Find out also the apparent molal 
valume, ps. 

3. The apparent molar heat capacity of a non-electrolyte in water is given by 
Фа = 152 + 1.2 m — 0.05 m? cal/deg.-mole where m is the molality of the 
solution. Calculate the heat-capacity of 1.0 molal solution in water. 

4. Show that in a chemical equilibrium, the total chemical potentials of the 
reactants and of the products are equal. 

5. Show that (a) the concentration of oxygen in sea-water remains unaltered 
as long as the partial pressure of oxygen in the atmosphere and temperature 
remain fixed ; (5) the ratio of concentration of iodine between water and benzene 
at a given temperature is constant. 


CHAPTER 10 


FUGACITY AND ACTIVITY 


FUGACITY 


10.1. The escaping tendency 


If a system or a part of a system be at a temperature higher 
than that of its surroundings, then the heat-energy would escape 
from the former to the latter. The higher the temperature, the greater 
is the tendency of the heat-escape. On the other hand, if the tem- 
perature of a given part is lower than that of its surroundings, heat 
energy will flow into it ‘escaping from the surrounding parts. 
Temperature is thus a measure of the escaping tendency of the heat- 
energy. Ifthe system be in thermal equilibrium with its surroundings, 
i.e., at the same temperature, then the escaping tendencies of heat 
in different parts would be the same. 

This idea wás extended to the material substances by Lewis. 
Suppose there is a system containing a substance in two different 
phases A and B at the same temperature, then in each phase the 
substance has a tendency to flow out or escape from its own phase. 
Actually the substance will escape from the phase А to the phase В 
if the escaping tendency in phase А is greater than that in phase В. 
Similarly, if the escaping tendency in phase В is greater than that 
in phase A, then it cannot escape from phase A, rather the matter 
will pass from phase B to А. Some illustrations may explain it 
clearly. 

Suppose a closed vessel contains some liquid water and its 
vapour at 100°С and at one atmosphere. In these circumstances, 
the phases are in equilibrium. The vapour that might condense 
into the liquid phase would be the same as the liquid vaporising. 
The escaping tendencies of water in the liquid and in the vapour 
phases are equal, though the quantities in the two phases need 
not be so. Now, if at one atmosphere, the temperature is raised 
to 101°C, the water molecules will have a greater tendency to 
escape from the liquid phase and the latter would disappear in 
favour of the gaseous phase. Similarly, if at the same pressure 
the temperature is lowered than 100°C, the gaseous H,O molecules 
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would condense or the escaping tendency of H,O molecules in the 
gas-phase will be greater than that in the liquid phase. The gas- 
phase then will disappear slowly. 

Consider again a system containing a solid, say sugar, in 
contact with its solution, at a given temperature. Sugar is present 
in two phases, the solid phase and the solution phase. If the solu- 
tion is unsaturated, the solid would disappear into the solution, 
showing that the escaping tendency is greater in the solid phase. 
If the solution is just saturated, the escaping tendency of the sugar 
from the solution will just balance its escaping tendency from the 
solid phase. As a result the amount of Sugar escaped from one 
phase would be recovered by the return of an equal amount from 
the other phase. If the solution be supersaturated, then the escaping 
tendency of sugar in the solution phase would be higher and it 
would escape from the solution to the solid phase till the escaping 
tendencies in the two phases are equal. 

Again, suppose two aqueous solutions of a substance, say 
glucose, of different concentrations are taken in two beakers A 
and B and kept inside a closed space at a constant temperature 
(Fig. 10a). 


Fig. 10a 


It is our experience that water would Slowly vaporise from 
the dilute solution and the solution with the higher concentration 
would gradually be diluted. This shows that the escaping ten- 
dency of water in the more dilute solution is higher than that in 
‘the other. In fact, this principle is involved in the dehydration of 
substances carried out in the common dessicators. 

_ Thus, we conclude that every substance has a tendency to 
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escape from the phase in which it exists. Unless the escaping ten- 
dency is counter-balanced by the tendency of the molecules to 
return to the given phase from another co-existing phase, the 
phase in which the escaping tendency is greater will disappear 
in favour of the phase of smaller escaping tendency. We can thus 

— say, that if a substance be distributed in several phases in a system 
which has attained thermodynamic equilibrium, then the escaping 
tendency of the substance in the different phases will be the same. 
It must be remembered that we are not comparing the escaping 
tendency of one substance with that of another but we are com- 
paring the escaping tendencies of the same substance in different 
phases. The escaping tendency of a system as a whole has no 
meaning. 

We have seen that temperature is a measure of the escaping 
tendency of heat. It is now necessary to find some function ќо 
make quantitative measurement of the escaping tendency of a 
substance, from a phase. 


10.2. The escaping tendency and the molal free energy 


Consider a system containing water and its vapour in equili- 
brium at a temperature 7. Let an infinitesimal amount (An moles) 
of liquid water be vaporised under conditions of equilibrium. 
Then, the free energy change would be 
A б.п = 0 

From the Gibbs-Duhem relations (9.7), at equilibrium 

ш (= An) Fen (An) = AG = 0° 


or Bp = wns. бе 4 Gp = Gr во УБИО 
The suffix I is for one phase and suffix II for the other phase. ti 
If the temperature is lowered, the process of vaporisation is 


opposed and Gyap > Gg, ; іє, AG = бы — Gig >0 
On the other hand, if the temperature be increased, the vaporisa- 
tion is enhanced ; the free energy of the liquid is greater than that 


of the vapour, Gy, > бур} i-e. AG = Grap — бщ <9 

It shows that if the partial molal free energy of a component 
is greater in one phase than in another, the component would escape 
from the former to the Jatter. The partial molal free energy (or 
chemical potential) is thus a measure of the escaping tendency. 
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Let us take another example. Suppose under conditions of 
eqm, iodine is distributed between water and chloroform in a system. 
Imagine a transfer of an infinitesimal quantity of iodine (An moles) 
from chloroform layer to aqueous layer, then, at eqm., 


parC An) + par (— An) = Аб = 0 
or ш = ши 
The suffixes I and II stand for aqueous and chloroform phases. 
Hence, under conditions of equilibrium, the chemical potential 
(or partial molal free energy) of а component in every phase must 


be the same. 
This indeed is the criterion for phase equilibrium. 


Bí = ш" = ш" 
where i indicates the component in the system and the primes refer 
to different phases. 

The molal free energy would be a quantitative measure of 
the escaping tendency and indeed it proves satisfactory in comparing 
escaping tendencies in many cases, But there are some incon- 
veniences also in its use. We know, from eqn (9.14) 

du ЭХ 

OP} rn 
At low pressures the chemical potential decreases rapidly as the 
Pressure decreases. If р is finite at 1 atm, it will approach a very 
high negative value at very low pressures. On the other hand, if x 
hasa finite value at low pressures then it would have high positive 
values at ordinary or higher pressures. For this reason, a new 
Property called fugacity (f) has been proposed by G. N. Lewis 
and is now in widespread use for all gases. 


10.3. Fugacity 


Since the molar free energy could be a measure of the escaping 
tendency, then it is reasonably expected that any other function 
or property to which molar free energy is simply or monotonically 
related may serve as a measure of the escaping tendency. Now, 
for a mole of an ideal gas, 


G—G + RTinP „їч (10.2) 
p= 


or W) + RT InP ... (10.3) 


— — 
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If there be a mixture of ideal gases, partial molal free energies would 
be similar, 


G = G+ RT In p, ‚.. (10.4) 
+ ра = Ш. + RT In p. 
or duy, = RTdinp, « «+ (10.5) 


To maintain same structure for the expression of free energy of 
real gases, it was proposed, to replace the pressures (P) by fugacities 
(f) in the corresponding equations (Sec. 9-5). 


Gi = G+ RT n f, . . . (10.6) 
ог dG, = RTdinf, | .. . (10.7) 
du, = RTd inf, ] 


LX 


ee | 


Fig. 10b 


If vapours and gases behaved ideally, pressure could be accepted 

. as a measure of free energy and hence of escaping tendency. But 

since we deal with real gases, the function fugacity would be a 

measure of the escaping tendency of a substance and it would include 
the departure from ideal state in case of real gases. 


We may attempt to understand more clearly the term fugacity by graphical 
representation. In fig. 105, let LMN and XMY represent the P-V isothermals 
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for an ideal gas and а real gas respectively. As the pressure tends to zero, the. 
two curves approach each other. 1 
Suppose at a constant temperature, a given mass of gas changes its pressure 
from p; to рз, the change in the Gibbs potential will be given by, 
dG = VdP 


í This, relation would be true for all gases, ideal or real. From the figure, 
we see, that 


Pa Ps 
f WG ident = Í VdP = area ab'c'd 


Pi PL 

$0 ; Pa m { 

. And абы = [ VdP = area, abcd 
Pi PL 


There is a difference between the two areas and let the difference (shaded area) 
be denoted by 4’ Then we find, 


Pa Ps 1 
[ WG rea =. Í Gens — A’ 


Pr Pi 
If the limits be changed to p and zero pressures, then 


Р Р 
f WG deat = f dGideai — A 
(7 


where ‘A’ is the shaded area extended to infinite volume, such that a= б?" 


real 
: =0 =0 
Integrating De б ie sent у> ЫЕ. =a 


Р Р 0 ч 
ог Gel Ge А (4 + ЕТАР) — A 


In order to express the Gibbs potential G for any real gas in the same form as 
that for the ideal gases, the Concept of ‘fugacity’ is introduced süch that 

3» 51-0 
G p Сеа + RTinf 


теа! 


RTIn f = RTin P-A 


L AU 2d 
] 5 į f = Pe ЕТ 
which gives us a quantitative definition of fugacity. - 
‘A’ is a measure of the departure from ideality and it varies from point to 


point. In other words, for every pressure P in the curve ¥MY (real gas) there 
would be a corresponding fugacity ‘f° in the curve LMN (ideal gas). Let b, c, 


FUGACITY AND ACTIVITY 265. 


in fig. 10c denote two points in the isothermal XMY of the real gas and let b 
and c' denote the corresponding fugacities fi and f, in the ideal gas jsothermal 
LMN. Then the area a’b’c’d’ and abcd would be equal, both being separately 
equal to AG. Hence for the real gas, 


E 
De 
"We thus find that the advantage of the introduction of fugacity i$ that we can 


use the perfect gas expression for the Gibbs potential (G) and also for other 
expressions derived from it, and it covers the corrections necessary for real 


gases; 
L 
ы 

27 

Р 


dG = area a'b'c'd' = RTIn 


X 


Fig: 100^ ^ 


Pos i} V ¥ 
From:eqn : (10,6), GiG, = RE тр vu (10.8) 

f - ft pP . г 
where f,-and f; ате the fugacities of the gas at two pressures. By 
means of AG (i.e) Ga~G,) we can find out the ratio of the fugacities 
(f/f) only. So, in order to put concrete values, it is necessary to 
define a standard value of the fugacity at a given reference state. 

For an ideal gas, $ 


G, — бу = ВТР: and also |, — G; = таё. 
1 


i.e., in ideal gases, the fugacities are proportional to the pressures. 
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For convenience, the fugacities are also taken to be equal to the 
pressures in ideal gases. That is, 


" {ЇР = 1 (in ideal gases) 
Tn real gases, f/f, # P/P. 


But if the pressures be made very low, the real gases would behave 
ideally. Hence, at very low pressures even for real gases, 
Мр}; f=P 

This is why it would be desirable to take the low pressure state 
as the reference state for measuring fugacities for real gases, (where 
they would be the same as ideal ones). 

It is apparent that the fugacities will have the same dimensions 
as the pressures and they may be measured in atmospheric units. 

We have seen that for phases in equilibrium, 


Be = ut = pi’, 
so with the help of equation (10.6), 
f= ff =f" ++» (10.9) 


where f’, f” etc. are fugacities of a component i in different phases 
at equilibrium, The fugacity of each component is the same in all 
phases. In the case of the System of waterin eqm with its vapour, 
not only pg, = риа but also feas = fig. 

It must have been noticed that fugacity does not have the in- 
convenience of the chemical potential. Even when the pressure is 
decreased the fugacity remains finite and approaches a value equal 
to the pressure itself when the Pressure is very low. 

This idea of fugacity may also be extended to the solid or 
liquid states of matter, At any given temperature, every solid 
or liquid has a definite vapour pressure. The condensed state 
(solid or liquid) is in equilibrium with its vapour and, therefore, 
the escaping tendencies in the vapour phase and the condensed 
phase must be equal to one another. The equation (10.6) therefore 
Predicts that the fugacities in the condensed phase and the vapour 
phase must be the same at a given temperature, the reference state 
being the same. Very often, the vapour pressures of solids (or 
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FUGACITY OF A PURE SUBSTANCE 


10.4. Change of fugacity with pressure. 


When V is the molar volume of a gas at temperature Т, we have, 


dG = РАР 
and from equation (10.7), dG = к 
д1пї 
ог Е 1-5 RT . . + (10.10). 
f, |y 
or- ing = aes oa» (10.11): 
Py 


This relation for the variation of fugacity with pressure is useful 
in the calculation of fugacities. 


10.5. Change of Fugacity with Temperature 


The difference of molal free energy at two states of a gas at 
different pressures at constant temperature Т, 


6, — б, = RT In б 
f, 
If one of the states be the reference state, i.e., at very low pres- 
sure (p?) where fugacity is f° and the molal free energy G^, then 


0-0" = втш 
с @ 
ог RInf—RiInf? = ТОТ 


Differentiating this with respect to temperature, at constant pres- 
sure, 4 


dint же f° AGIT) ША 
а (Sr), 8 (ar). [Ser Par 
Since f°, at very low pressures, is equal to the pressure a and: 
e Ei at constant pressure will be zero, 
OT Ipo 


nos PREY a pm 
Ч P. oT po oT 
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ka any. ка 


КЫ, АЫ ДЕ T = +), 


A СИА 


-k E), + Я 


i] 


wp H о НН 
НҮН ан 


Чп which H? and Н are the heat-contents of the vapour in the ideal 
“state and in the given state. If the given state be a condensed state 
HH. may. be called the ideal heat of vaporisation. Rewriting, 


aint) _ m—H ‚ (10.12 
which gives the variation of fugacity with temperature. 


10.6. Calculation of Fugacity 


Some of the different methods employed for the determination 
"of fugacity, are considered here, 

(a) By graphical method : Suppose at a given temperature and 
pressure, V and V; denote the molal volumes of a real and an ideal 
-gas. Let the difference between these two be denoted by a, then 


Ure ту 
or adP = RTdin P—VdP 
alee = RIdinP—RT4In f, [From Eqn 10.10] 


F.C. : dinf = САА 
f = dinP ape 
у г 
or - HERE 
Inf = InP RT adP 2». (10.13) 


1 f? ^ 
or f = Pe-xrj edP ‚.. (10.14) 


FUGACITY AND ACTIVITY 269- 


P 
To evaluate f adP, the experimentally derived values of a (from molar volumes) 
б 


are plotted against Р, as in Fig. 10(d). The area under the curve from the given. 
pressure P to the origin would give 
the value of the integrand. The 
substitution of this value in equation 
(10.13) enables us to calculate the 
value of the fugacity. 

"Since at very low pressures f/P 


AN 


"n5. f в 
becomes unity, i.e., In ба 0, RT 
may also be plotted against pressure 
and then integrating from zero pres- 
sure to the pressure P, we can find the 2 


value of f with equation (10.14). š ЖЕУ, 
Ё Fig 10(d). Graphical method for det. 
Approximation : In the pressure of fugacity. 


range from zero to 1 atmos- 
phere, ‘a’ virtually remains constant. The equation (10.13) may then, 
be written as, 


Inf = nP- 
es Sewer (1 

Sig Bi OP ы БУ аваа 
or рат RT = RT зари . |. (10.15). 


That is, the observed pressure P is the geometric mean of the ideal. 
pressure and fugacity. Since Pand Piare known, fcan be calculated. 
The ratio of fugacity to the real pressure is called the fugacity 
coefficient, y. 
P РЁ, 
= = оз = pr c. (10.16). 
у= 01Р = р; = RT (10.16) 
(b) From Compressibility factor : The non-ideal behaviour of 
gases is often expressed with the help of compressibility factor, 
Z,such that Z — PV]RT. 


ERES yr ST: РҮ} _ RT 
Now, a = Pu— = 52 Е (т) в 0-21 
Кору 


x RT P 
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Substituting this in ка (10.13). 


Inf =In P— "1 52 


Р 
“dP =InP + [ (Z—1) аР 
4 . (10.17) 


Plotting (Z— 1) aganist In P and integrating between zero pressure 
-and the given pressure P, the fugacity can be evaluated. 


(c) From Equations of State : For one mole of a real gas, 


dinf = РАТА (From eqn 10.10) 


Integrating this at constant temperature between two 
‘pressures P and P’ when fugacities are f and f’ ; 


P 


If the pressure P’ be very low, say equal to P^, where the gas 
behaves amos ideally, then 


y 
$-&g in| Ya = a(r- poy? — Jr) 
РА 


where V" is the infinitely large molal volume at very low pressure P^. 


Y 
In f = Inf? СЧ) м) 


СА 
Since at low pressures P°V® = RT, and further f° = P", 


1 14 
Inf = n+p | PY Rr = [ му |. . . (10.18) 


po 


; 4 
The integrand, f PdV, may now be evaluated with an equation of state. 
d 


AF the gas be a van der Waal otc, then 
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f [4 Y um v 
a 
or PdV = V-b dV— f pi 
yo yo ys 
V—b a a 
= RT n Pb + y"bxy 
y—b a 2 
F2RT In y: 4 P’ [ V? is infinitely large] 


Substituting this in equation (10.18), 


1 V Vb a 
0 27% uL — = 
In f = In P^ рр | PY RT-RT In уу а 


nh d c ir 
WO сасу 
So, Inf = In P^ 4- p T - E 
i экш 5 — ay 
RES Mesue J ‚..@0.19) 


= арр Нур RT 


dt is thus possible to calculate the fugacity from a knowledge of 
‘the van der Waals’ constants and the volume of the gas. 


Example : An example of a simple calculation of fugacity, say that of water 


-vapour at 298°K, may be recorded here. The vapour pressure of water at this 
temperature is 23.73 mm ( = 0.03122 atm). 


Consider the change in thermodynamic potential when 1 gm-mol of liquid 


"water is changed into vapour under 1 atmosphere isothermally and reversibly. 
"We may imagine that first 1 mole of liquid is changed into vapour in equilibrium 
Фр = 0.03122 atm) and then the mnm of the vapour is raised to 1 atmosphere. 


"The changes in G would be 


(D AGr (H:Oia > НО; p. = 003122) = 0 


£ 1 
(I) AGn(H:iOsap. P = 0:03122+P 21) = RT In oO = 2054 cal 


(II) AG (Correction for non-ideality) = 1.1 cal (Rossini, 1939) 
-. Net AG = 2054 + 1.1 = 2055.1 cal 
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This means that the molal thermodynamic potential of water vapour at 1 atmos- 
phere is 2055.1 calories greater than that of liquid water. 

But, the fugacity of water vapour in equilibrium (р = 0.03122 atm) is the 
same as that of liquid water. 


G—G = RTI — = RTInf 


“| 


where С and G° are the thermodynamic potentials of water vapour at fugacity Ё 
and at standard state. 


or RTInf = —2055.1 


—2055.1 | 


о 081 = — ————— = 
г log 53035198 x 208 or f = 0.03117 atm. 


10.7. Fugacity of a component in a solution ) 


In the case of homogeneous mixtures or solutions the fugacity — 
ofa component is expressed, in the same form as fora pure substance, | 
in terms of partial molal free energy (С). So,-from eqn (10.6), 


G = RT In f, + G? (constant) „ . . (10.20) | 

or ш = RT Inf, физ ‚.. (102108 

Differentiating, dG; = RTdlnf; ‚.. (102298 
or dp, = RT d Inf ‚ 2. (10.23) 


and with temperature would be similar to those observed for pure“ 
gases as in sections (10.4 and 10.5) except that partial molal quanti- | 


The variations of the fugacity of the component with pressure, | 
ties are involved. The relations are, 


tan EE where. V; is the [partial molal 

ӘР Irn ЁТ volume of the component i.] 
alnf, Heg,- [Where H? and H° are the 

95 (ar SEN EDS molal heat content in pure 


State and partial molal heat. 
content of the component in. 
the mixture.] 


The relations mentioned above take a si i 
з j е a sim x 
of ideal mixtures or ideal solutions. зевая 
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10.8. Ideal Solutions 


In a mixture of benzene and toluene or of ethylene bromide 
and propylene bromide, it is found that the total volume of the 
mixture is practically additive of the volumes of the constituents. 
This is also true of other extensive properties such as free-energy, 
heat-capacity, etc. But in a mixture of water and alcohol, we find 
there are considerable deviations from the additive quantities of 
volumes or free-energies of the components. The mixtures or 
solutions which exhibit additive characters in the properties of the 
components are regarded as ideal ones. It is generally found that 
non-polar substances of similar chemical composition usually form 
ideal solutions. 

An ideal solution (gaseous, liquid or solid) is defined as one 
in which the fugacity of each component is proportional to its 
mol-fraction at all temperatures and pressures and over the entire 
range of concentrations. 

To illustrate, suppose л, gm-moles of A and ne gm-moles of B 
form an ideal solution. Then, mole-fraction of A and B are 

n Ng 
m+n, Ms т Еп. a 
By definition, the fugacity of A, f, = f4N; 
and the fugacity of B, f, = f?N; 
If there be several components in the solution, then the fugacity 
of the ith component, f; = f? Ni .. . (10.24), 

The relation will hold true over the whole range of concentration. 
Hence it will be true, when N; = 1, i.e., in the case of a pure com- 
ponent, 


f; = г, = f? [^ AN; = 1] 
Thus, f?stands for the fugacity of the pure component in the same 
state (gas, liquid or solid) in which it exists in the mixture and at 


the same temperature and pressure. 
(i) Now, from eqn (10.20), at a constant temperature, 


ш = RT Inf + ш = RTInf?N; + шо... (10.25) 
So, дч = dG, = RT din N; = x ам, ‚.. (10.26) 


Oy; 8G; RT 
aN, = ON; = Ni 5. (10.27) 
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Consider two different solutions containing the componenti 
in concentrations of N; and №; mole-fractions, then 


шш = ЕТ 1а = / 


If one of the solutions be such that N;' = 1, (ї.е., рше component) 
then ш = pj? , so | 

ш = ш? + RTIn М, л. (10.28) 

ог б = бо + RTIn Л, ‚.. (10.29) 


It represents the most important character of theideal solutions. 
It means the increase in the free energy of a component over that 
in the pure state is proportional to the logarithm of the mole-fraction 
of the same component in an ideal solution. 

From equation (10.29), for all the components in an ideal 


solution, j AGmix = RT EN,RTIn N; ...(10.30) 
(ii) Differentiating eqn (10.29), 
e (090). б 
ог V, з y? = > i.e., V, = yo 


That is, the molal partial volume of a component in ideal solutions 
is the same as its molar volume in the pure state, 


BIA 0 2.2. (10°31) 
(iii) From eqn (10.29), (G/T) — (G/T) = R In N; 
ог a GIT) — 2. (Gir) — o, 


—H; H? 
or T зя = = 0, (eqn. 6.26) 


or Н = Hp 


That is, in ideal solutions, te enthalpy of a ee does not 
change. Hence, AH mi -. . (10.32) 
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(iv) From egn (10.29), 
RT InN; = Gi — Gf = ІВ, — TS) — (He — TSi] 
= — TiS — 510] 
S; — Sp = Rin Ni 2... (10.33) 


In ideal solutions, the entropy-increase of a component on going 
into solution is proportional to the logarithm of its mole-fraction. 

Besides, the ideal solutions obey Raoult’s Law which will be 
discussed soon. 


10.9. Relation between fugacity and mole-fraction of components: 
Duhem-Margules Equation. 
Suppose a binary solution contains т, gm-moles of A and n, 
gm-moles of B. Then, applying Gibbs-Duhem relation, 


nda, + Modus = 0 


ШЫЛЫШ > Иша л Ол 
js т + Ng dnt n» + p, d s 
or Ndu + № = 0, 


where Nj, Л, are the mole-fractions, such that N, +N; = 1. Subs- 
tituting the chemical potentials by expressions of fugacities given 


in equation (10.23), 


МАТ аа f, + NRT dln fa = 0 
or N,dinf, + NodInf, = 0 


f In f 
o м + ме = 0 


dint, dinf, Ж 
ot ARR LA ELO ea aNd 
dinf, ааб 
ог dinN, ^ din N, “+ 0039 


The same relation will hold true if the solution contains a large 
number of components, whose mole-fractions are Ny, №, Na, Ns 
etc., such that ММ №... = 1. 
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Then dN, + dN,+dN;+dN,+...=0 
dN, dN; dN; р: 
ог My Mt Net... = 0 


or №№, +NadinN,+ Ма, +... = 0. 
or Маал, + Nadin Na + Nadin Ng ...] = 0 

‚.. (10.35) 

From Gibbs-Duhem relations 

Маш + Nadua + Nodus +... = 0 
or Маа Маай, + Nadin fa р... 0 <.. (10.36) 
Equating the co-efficients in equations (10.35 and 10.36) 
dinf, = МЛМ, dln f, = AdIn N,, dinf, = AdInN, 


dinf,  dinf, dint; din f, T 
аам dlDN, dmN, ат 
Ка 10:37). 


This relation, commonly called the Duhem-Margules equation, is. 
generally true. It is applicable to any liquid solution irrespective 
of whether the solution or the vapour is ideal or not. 
In the case of ideal solutions, from equation (10.24) 
dinf, _ 
dinN, - 


and so all the ratios would tend to unity. 
i Further, when the vapours behave ideally, i.e., f; = Pi, 
(though the solutions may not be ideal), we have, 


dinp, _dinp, _ dinp, Js 
dinN, dinN, = аам ^" (0038) 


where ру, p, etc. are the partial vapour pressures. This correlates. 
the composition with the Vapour-pressures. The physical signi- 
ficance of the relation will be realised when we would take up the 
study of the solutions. 


10.10. The Dilute Solutions : Henry's Law 


The characteristic properties of ideal solutions have just been 
discussed. For real and non-ideal solutions, there are considerable 
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deviations in these properties. But the real solutions, in which the 
solute is present in very low concentrations (LiN, — 0), tend to 
behave like ideal solutions and are termed dilute solutions. The 
term solute refers to the component which is present in smaller 
proportion, Such dilute solutions haye been found to obey some 
common laws, such as, Henrys Law, Raoults Law etc. These 
laws are briefly mentioned here. 

Henry's Law : It has been experimentally established that 
in dilute solutions, at a given temperature, the vapour pressure 
(P) of the solute is proportional to its concentration Qe»: 

Р, = kca; (Kis a constant) + + « (10.39) 
This is Henry's Law. 

Now, in idealised state the vapour pressure becomes equal 
to fugacity. In dilute solutions concentration c, is proportional 
to its mole-fraction, №; ie, c = АЉ... Hence, Henry's law 
may be expressed as 


f, =) Py = БЕМ, d 
Or f, = NS - + » (10.40) 


The value of the constant, Ку, depends upon the nature of the solvent 
and the solute and is different for different solutions. 

In ideal solutions, f, = f° No, (from eqn. 10.24) 
But equation (10.40) is applicable for real solutions and k, need 
not necessarily be equal to їе. In those cases, when f,—N, curve 
remains linear throughout the entire range of concentration, k, 
will be equal to f;?, the fugacity of the pure phase of the solute. 

From едр. (10.40), itis only found that the fugacity of the solute 
in real dilute solutions would be proportional to its mole-fraction. 
In yery dilute solutions, equation (10.40) will always be valid. 
With increase in the value of No, deviations from the law are observed. 
With the acceptance of Henry's Law for dilute solutions, itispossible 
to deduce thermodynamically the other more important Raoult's 
Law for dilute solutions. 


10.11. Raoult’s Law 


Let us consider a dilute binary solution containing N, mole- 
fraction of the solute with N, mole-fraction of the solvent. Their 
respective fugacities are denoted by f, and f,. 


М 
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From equation (10.40), the fugacity of the solute (Henry's Law), 


f; = £N, 
or dint, ау, pe, dini _ 
ў 5 2; Le. din N, 
dinf, _ dinf, 
From eqn (10.37), div, 7 din, 
299 dinf, _ 
Combining these, ШЙ, = 1 
or dinf, = dinN, 
Le, К f. s 1 «s (10.41) 


where Ё is a constant. 

The equation (10.41) states that in the real dilute solutions, the 
fugacity of the solvent is also proportional to its mole-fraction. This 
is the basis of the Raoult’s law. 

This relation is valid in the range of composition where Henry’s 
law holds true, i.e., when the solution is very dilute (N, — 1), i.e. 
the риге solyent in the limit, 

Оп {һе other hand, in an ideal solution, the fugacity of the 
Solvent given as. 


f = М, 


which is valid in the entire range of composition from Ny = Lto 
М, = 0. This equation then also represents the relation (10.41 
for infinitely dilute solutions, or Кү = f». 

If the vapour-phase of the solvent in equilibrium with the 
solution be regarded as ideal, the fugacities may be replaced by 
pressure ; f 


Р, = PLPN, +» + (10.42) 


where P,’ is the vapour-pressure of the pure solvent and P, is the 
partial vapour pressure of the solvent over the solution. 

Since at a given temperature, Р\°1з constant, we may state the 
Raoult's law as “the vapour pressure of the solvent over the solution 
із proportional to its mole-fraction in the liquid solution.” 

In an ideal solution, the solvent follows Raoult's Law over 
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entire range of composition. In anidea/ solution, containing several 
volatile constituents, each of them would obey Raoult’s Law. 


= Nip? . . + (10.43) 


In other words, an ideal solution is one in which each component 
obeys Raoult’s Law through the entire range of composition. 

In real solutions, i.e., non-ideal solutions, considerable deviation 
from the Raoult’s law is often observed, sometimes positive and 
sometimes negative. 

If the solute be non-volatile, or when the solution is very dilute, 
the partial vapour pressure of the solute is negligible. So we may 
simply say, “The vapour pressure of the solution is proportional 
to the mole-fraction of the solvent in the liquid phase." 


10.11a. Nernst Distribution Law 


We have just seen that the distribution of a component in a 
given system between the liquid and the gas phase is governed by 
the Raoult’s Law and the Henry’s Law. An interesting relation 
in the distribution of a solid (say) in two phases had been developed 
by Nernst. 

It is known that the chemical potential of a component present 
in different phases of a system at eqm is the same in every phase. 
If a substance be present in two liquid phases, denoted by, suffix{I 
and П, at equilibrium, then (Sec. 10.2) 


pr ш 
From (Sec. 10.12), RT Inar + uf = RT In an + ar 


Where ar, an are the activities of the components in the two 

liquid phases. Then at const temperature, аап = К (constant) 

. (10.43a) 

Thus, if the activity of a component in one phase be fixed, 

its activity in another phase at eqm is also fixed. In dilute solutions 

or ideal solutions, the activities may be replaced by concentra- 
tions С, and C;. Then, $ 


сіс. = к ‚.. (10.435) 


where K is called the Distribution coefficient or Partition coefficient · 

of the solute between the two solvents at the given temperature. 
Consider a liquid-liquid system, say water and chloroform, 

to which a little quantity of iodine is added. Iodine will dissolve 
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partly in water and partly in chloroform. The two. solutions of 
iodine will: separate into two layers at/eqm. The concentrations 
in, the two layers are different but their ratio is fixed, independent 
of the amount of iodine added or the volumes of the two liquids 
present. ^ y HOMER CIUS 

. The concentrations of a solute distributed between two phases 
at ейт ata constant temperature bear a fixed ratio. This is “Nernst 
Distribution Law’. 5 

„Тһе commonest use of this distribution principle is in the 
extraction ofa solute by adding and shaking with immiscible solvents. 


inte 


ACTIVITY 


10.12. The activity 


^ | The function fugacity was introduced to express the molal 
free energy to cover the departures’ from ideal behaviour of the 
component, The determination of fugacity is linked up with gas 
Pressure or vapour pressure. But often, the determination of fuga- 
cities become quite difficult as in the case of liquid mixtures or 
non-volatile substances. 

t “Lewis, therefore, introduced another function called activity 
or relative fugacity, denoted universally by ‘a’. If f and f° denote 
the fugacities of a given substance in a given state and in a standard 
state, arbitrarily chosen, then the activity ‘a’ is the ratio of the two 
fugacities 


A 
а= т 010.44) 
It is obvious that, in that standard state, the activity : 
t ! i3 f? 
Lei etl 
A core fm m 1 


Alo, С — @ = RTIn or G — G^— КГ à ;. . (10.45) 


hee 
where G? is the molal thermodynamic potential at the standard 
State. In a solution, for any component i, we shall have to take 
the partial molal quantities and hence 


Gi — GP = RTing, ++ + (10.46) 
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іе. да (що = RT Ina; (10.47) 
or ш = RT Ina, + що 


‘Since the activity is a ratio of fugacities, its numerical value will 
‘depend upon the'standard state which may be fixed at our con- 
‘venience. This may be different in different cases. 


10.13. The standard states 


(a) For Gases. In gases and vapours, the standard state for 
the measurement of activity is taken as the one in which the 
fugacity i is unity. EA 


КЕ. p ce рын ‚.. (10.48) 


d.e., the activity and the fugacity are numerically the same. 
For a perfect. gas, the fugacity and the pressure are equal, and 
the same is also true in case of other gases at low pressures. 


Hence in such cases, di =) To 


(b) For pure liquids and solids. The activities of liquids and 

solids in the pure state under 1 atmosphere pressure are taken 
as unity at each temperature, But when the liquid or the solid is 
present in a solution, it is not always convenient to assume the 
pure state as the standard for unit activity. It is necessary to consider 
the activities of solutes and solvents separately. 
(c) Solvents. In the case of a solvent, the standard state is the pure 
state of the same at unit pressure. (As usual we. shall use suffix 1 
for solvent.and 2 for solutes), That is, the pure solvent 
«М, = l)isthe standard state having unit activity (a, = 1), at each 
temperature. 

If f, is the fugacity in the pure state of the solvent, then, on addi- 
tion of a solute, let the fugacity be fı. The activity а; of the solvent is 
f, 

uo 0 
Tn an ideal solution or in dilute real solution, Raoult's Law is appli- 
cable ; f, = £,°N,. Hence, at unit pressure, 
4 £N, 


а = аға SNe ‚.. (0049) 


Fugacity, f, 
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That is, the activity of the solvent ina dilute real solution or in am 
ideal solution, at unit pressure, is equal to its mole-fraction. Tn a. 
a 
UN 
18 different from unity and the values of the ratio at different concen- 
trations will indicate the extent of departure from ideality. We shall 

later call this ratio as the activity coefficient (y). 

We should also remember that in any given solution, the activity 
of the solvent must be less than unity. If the activity were greater 
than unity, then the fugacity of the solvent in the solution would 
be greater than that in the pure state. So its escaping tendency from 
the solution would spontaneously separate it from the solution, 
which is against experience. i 


Concentrated solution, where Raoult’s Law is not obeyed. 


0 t 
N— l 0 м-ә 
Fig. 10е. Fugacity and mol-fraction Fig. 10e. Activity and mol-fraction 
of the solvent of the solvent 


forms of the curves in the two diagrams shall be similar as fi ity i rtional 
to the activity, ugacityis proporti 


It is obvious that the dotted line in diagram П will have a slope of unity 
for when N, — 1, 4; is equal to unity, This is not necessarily true in respect of 


lae 
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the dotted line in diagram I. For a given soulution (diagram II), if PR denotes. 
the activity of the solyent, PQ would denote the same under ideal behaviour. 
Hence, the ratio (activity coefficient), 


f, 
Now, the activity of the solvent, а, = f = a where ру and pi? are- 
1 1 
the vapour-pressures of the solvent in the solution and in the pure state 
respectively, the vapours behaving perfectly. This gives us a useful method to 
calculate the activities. 


To illustrate : An aqueous solution of an alcohol, in which the mole-fraction 
of the alcohol was 0.05, gave partial pressure of water and alcohol as 23.2 and: 
10.8 mm. respectively. The vapour-pressures in the pure state are p = 21.76 
and Pwater = 23.8 mm. 


m. рі 23.2 
Th = — = — = 098 
e activity of the water, a, pe 238 
уг p 108 
The act f the alcohol, а, = =, = ;—— = 0.49 
e activity of the alcohol, a^; p? 2176 0. 
0.98 
The ratio (activity coefficient), Ywater = cs = 12005 = 1.03 
1 =ч: 
a,’ 049 


=—= — = 98 
Yaleohol М" 0.05 


(d) Solutes. In the case of solutions of solids or of electrolytes. 
the standard state envisaged for the solute is somewhat different 
from that of the solvent, The standard state chosen for the solute: 
may be either in terms of mole-fraction or in terms of molality. 

(i) On mole-fraction basis. In dilute solutions, Henry's Law 
is obeyed, so the fugacity у 

f, EE RNa 

If this relation be assumed to hold true through the entire range 
of composition until mole-fraction N, — 1, (which is certainly 
hypothetical) then х 
Я LtN, > 1; 6 = kal = ka 
By definition, under these conditions, the activity of the solute, 

S f, f, 


pomi t Къ 
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and further, 7 сг Roy у 


state of the solute, if its fugacity be supposed to obey the Henry's 
Law (fs = kN), ata value of N; equal to unity, all at unit pressure, | 
. This is illustrated graphically in Fig. 10/, i 


fj? 


ion, N2 0 
Fig. 10f. The standard state and fugacity of the solute 


The curves in the Fig. 10f indicate the hypothetical nature of the 
assumption, The solid curve shows the actual fugacities of the 
‘solute through the entire range of composition up to Ny lp 
When the fugacity is denoted by f°. This refers to the pure stat 

of the solute. But in very dilute solutions, Henry’s Law is obeyed. 
The dotted line shows the fugacities in the ideal State, At the lower : 
values of Ne, the dotted line and the solid curve overlap each other. _ 
If this dotted line is extrapolated to М» = 1, we have the fugacity 

f,° of the hypothetical state, which is the chosen standard state of 
the solute. It is evident, 


fy £f 


The fugacity of the pure solute fas is quite different from the fuga- _ 
city f,° in the hypothetical state, Though the condition of the 

equation (10.50) is not realisable at high concentration, it would - 
nevertheless hold true in very dilute solutions W: — 0). 


FUGACITY AND ACTIVITY . 285: 


It is thus possible to choose the infinitely dilute solution as the- 
reference state, such that 
Lt N, +0, di N, =з, | 
In the case of an ideal solution this will be valid through the- 
entire range of composition. In real solutions, the validity is restric-- 
ted to the dilute region only. 
Now, in the hypothetical standard state, the activity, 


and further, the activity at any concentration in the hypothetical; 
ideal solution is always given by, 


а, = Ny 


So, if we plot the activity-mole-fraction curve for the ideal solu-. 
tion, then the slope of the curve shall be unity, as in Fig. 10g. The 
dotted line refers to the- 
ideal solution and the solid 
line to the actual solution. 
The activity of the pure 
solute, d," (solid line, N,—1) 
is different froma,°, At any 
composition N;, the ratio 
PR! 
РО” 
departure from the stan- 
dard value. 

(ii) On molality basis : 


activity, az 


would denote the 


The most common basis ° М, м 1 
is to express the composi- — — Fig. 10g. Activity and mol-fraction 
tion in terms of molality m, of the solute 


instead of mole-fraction N. 

The molality is defined as the number of gm-moles of the solute- 
present in 1000 gm of the solvent. In very dilute solutions the mola-- 
lities and mole-fractions are proportional. Hence, Henrys' Law са 
be expressed as, 


$ f = Кт 
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The standard state of the solute, in this scale, should be the state 
which has the fugacity that the solute in one-molal solution would 
have if the solution obeyed the ideal solution Law (Henry's Law). 
This is shown in fig. 10h. As before, the reference state for the 
activity of the solute may be taken as the infinitely dilute solution 
such that 

Lt.m—0, Bie 1. 
т 
‘So, by introducing the molal concentration we can change the 
curves of figure 10h into those of activity-molality as in Fig. 10i. 
‘The activity at the standard state (m = 1), in given by 


activity, a2 


RU m— 955] 0 m— 1 
Fig. 104. Fugacity of solutes in Fig. 107, Activity of solutes in 
molality basis molality basis 


Sometimes, the composition of the solution is also expressed in 
‘terms of molarity (c) of the solute. Here also, the refrence state may 
be the solution at infinite dilution, such that 


Lt.c0, 2 e . 


"The activity at the standard state state would be a = c = 1 
Tt should be understood that in every case, the unit pressure i$ 
to be maintained at constant temperature, 
Ud а, f 
The deviation of RA (or 2 or 2) from unity will obviously be 


:a measure of the departure from ideality in the given solution. 
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10.14. The, chemical. potential and activity. 


The chemical potential or the partial molal thermodynamic 
potential is expressed, by the equation (10.47) 


ш — шо = RT in а; 
‘Since p? is constant a with а chosen reference state, 
: pi = RT ln а; + Z; constant) ... (10.51) 
‘Then in ideal systems and even in dilute real solutions, we have 
шщ = RTINN + Zy; 
or ш = RT ln mi + Zm; ‚ „ (10.52) 
ог ш = RTIn с; +2 


in which the constants (z-terms) are the chemical potentials (p°) 
at the standard states, 


Free-energy change and variation of standard of activity : The num- 
erical value of the activity of a component in a solution depends 
naturally upon the reference state chosen for that component. But 
‘the change in thermodynamic quantities like AG, AA etc. would 
‘be independent of the choice of the reference state. 

Consider a particular component present in two given solutions 
x and y. Let az and ау be the activities of the component in the 
‘two solutions, referred to a particular standard state. Again let 
-d'z and a'y be the activities of the same substance in the same two 
solutions, referred to another standard state, These activities are 
"relative to the activity in the chosen standard states, and therefore, 


Now, let (uz and py) and (u'z arid u'y) represent the chemical 
"potentials of the component in the two solutions, corresponding . 
Чо two different standards. Then 

He = КТЇпа +2 ра" = RT ln d'z + Z' 

ши = RI Rna} Z py’ = RT Ina'y + Z 
о, ру — ие = RT In w and Шу —p'2 = RT In y 
dz » ах 

Since ay/az = a'y[a'; , the change in chemical potentials 
tie. the molal free-energy change would be the same and hence 
¿independent of the standard state chosen to compute the activities. 
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10.15. Variation of activity with temperature and with pressu re.. 
We have, 


f. 
din а= din T 
ð In а as 0 Inf; 0 In f; 
T [ дР TN o [ дР ту 3i [a TN 
Since f," is a constant, the last term vanish es. 
ain a In f, [2 
[ ap db ы P. Rp Gee 10.7) . . . (10.53) 


Similarly, "rl. = Ex ky p Е a lin 


IN 9 In f; | HY Н, 1 
= aT |e = Rr (Sec. 10.7) 


+ + + (10.54), 


These equations give the variations of the activity with pressure 
and temperature respectively. 


10.16. Activity Coefficient 

For many purposes, it is more convenient to use the ratio о 
the activity to the concentration than the real activity. This ratio: 
of th? activity to the concentration is termed the activity coefficient. 

Three different units to express the composition of a solution, 
viz, mole-fraction N, molality m or molarity c are in use. As a: 
result, there are three different expressions for the activity-coefficient- 
of a component of the solution. 


In infinitely dilute solution, ARN Гает i Esai 
Nz m с 


But as the concentration of the solute is increased, these relations: 
are no longer valid and the ratios attain different values. 
(a) The mole-fractiom activity coefficient, yy ; 


ук = ў; ог а; = yy, ‚..@0. 5) 
2 
If it be a gas-mixture, then for any component i, 
f, і t 
a= {Р = pı (іп an ideal case) 


nay 
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In real systems, a = yn Pi = yu? 
where №; = mol-fraction of the component, piJ/P = Ni 


(b) Molal activity coefficient : For solutions of finite concentra- 
tions, the ratio will be the molal activity coefficient y; when 


у = 2; ог а = ym 2. (10.56) 


where m = molal concentration i 
(c) Molar activity coefficient ;, When the composition is expres- 
sed in molar units, the activity Coefficient, f, will be given by i 


f=; o Ф fc Pus 10:54 
where c is the concentration of the solute in molar units. 

The activity coefficient yy, y, and f obviously represent the devia- 
tions from the ideal state. 

The chemical potentials for the component i in a solution may 
be obtained by introducing the activity coefficient in equation 
(10.51), 

шщ = RT In а; Zi 
Then ш = RT In yy, + RT In Ne+ Zu, 
ш = RT Iny, + RT ln mi + Zm, .. . (10.58) 


pi = ЕТ fo RTIA ci 4- Ze, 


10.17. Activity coefficients of the solute in different units of the 
standard states. = 

Consider a solute present in two different solutions I and If, 
The solution I is an infinitely dilute one and the other solution II 
having a finite concentration, c. The acitivity of the solute in the 
infinitely dilute solution I is ‘a” and that in solution II is ‘a’. Then 
the change in chemical potential of the solute from solution I to 
solution П would be 


$ a 
Ap = и-и = RT In 75 
Expressing concentrations of the two solutions in three different 
units, 
a-—yyN; а=ут; а=/с 
19 
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Wehave, ©, WN ym _ fe 1. (00.59) 


the activity coefficients in infinite dilution being equal to unity. 
The superscript? indicates ideal dilute solution. 


We can determine the relation between the different activity coefficients if 
We know the relations between the concentration units. 

Since m is the molality of the solution П, m moles of solute are dissolved іп 
1000 gm (or 1000/M, mols) of the solvent. 
PAR à 


we i m mM; 
"Tu, MENU а Бам, 07. ‚.. (10,60) 
» N= түтөй, 1000 + mM; чо) 
1000 + тм, 
бы!) x e aD 2. (10.61) 


Again cis the molarity of the solution i.e., c gm-mols are dissolved in 1000 cc. 
of the solution. 


1000 c.c. of the solution contains е ем, "gm-mols of the solvent. 
1 
: “с cM, 
Hence, N = mL ++ + (10.62) 
N ^na. 1000p — cM, сМ, сМ, + 1000p ( 
м, 


where p is the density of the solution (ро = density of pure solvent). 
For solution Tat infinite dilution т and c are negligibly small. 
Hence, equation (10.60 and 10,62) may be expressed as _ 


mM, cM, 
Sus S QE АКОНИ ++» (10.63, 
E 1000 1000p, › 


A S ONU BN, ea 
y m'N mw N 
Substituting from equation (10.61 and 10.63), 
тоор eren ооа, - s. (0064) 
Again from equation (10.59), 
gin Л» ec m 
/ CO'm c 
Substituting from equation (10.60,62,63), 


ies > 00:001124 ‚.. (10°65) 


Тһезе equations provide the quantitative relations between the activity 
Coefficients of the solute expressed in. different concentration units, 
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10.18. Activities and Activity coefficients of Electrolytes 

Solutions of electrolytes, especially of strong electrolytes, 
exhibit marked deviations from ideality even at low concentrations. 
As such the processes, in which ions are involved, must be recorded 
in terms of their activities. Only when the electrolyte solutions are 
at infinite dilution, the concentration terms could substitute the 
activities, 

It is necessary to know how concentrations are converted to 
activities, Consider a solution of an electrolyte (AzBy) which is 
completely ionised in solution. 

A,B, = ХА: УВ 
where z, and z_ are the charges of the ions. The subscripts + and 
— will always refer to properties of positive and negative jons ; 
symbols without subscript would refer to neutral molecules. 

If there are c moles of the electrolyte dissolved in the c; moles 
of solvent, then thermodynamic potentigl of the solution would be 
sum of the thermodynamic potentials of solvent and the ions, i.e., 

С = cu, + c[X-uy + yp-] ES 0) 
#-terms are the respective chemical potentials. 
We also have G = Chs + cp INS B) 


where p is the chemical potential of the electrolyte in solution. 


Comparing (4) and (В) p = хи + yu- Es i) 


Let у = x+y, the total number of ions produced from 1 
molecule. And if p+ is the mean ionic chemical potential, then 
; * к 
Yang = хра + Ур AER 
P (®). 
Now these chemical potentials may be expressed in the formal way, 
p. DUIF RT ma, >) 
po= не + ЕТ па. 
Hg = р + ЕТ та 
‘p= pe? + ЖТ па 


К ш = a ; 


(E) 


where a, and а_ are the activities of the ions, a is the activity of the 
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electrolyte in solution, a, is the mean ionic activity. Moreover under 
standard states, by definition. 
и? = xut od ype 
hein 1 Ý „ы = 208, + ун? 
mL ‚++ @ 
ршн (Е) in (E), р + RT та =унз + УКТ In ay 
‚ Ёё» a = а; . GI) 
Again, substituting equation (Е) in (р), 
yu + Y RT Іпа — xp + yu? +w RT Ina,4- y RT Ina_ 
іе. ас. . а! vns (D 
or d, — Va — Vat ау "sic 


‘The mean ionic activity is the geometric mean of the individual ion 
activities, 


Using formal ёр ндан between activity and concentration, 


afe 1 
акч ©з Es 
а„ = HES SS › 

_ = fC 


in which f-terms are P activity coefficients and C-terms are the 
Concentrations in molar units. 


Introducing equation (Л) j 
а= айа" = (C C y = (CFC) у ll 06) 
ind hene а; = (Ci. cy ‚у - ... (10.67) 


Aided by relations in (H), 


1 
mean activity coefficient of the electrolyte, f, = (f£ . у>)" 


1 
„апі mean molarity of the electrolyte, Cy = (CROI 


1 "ri E 
Thus, d. = а= С, ofa { . . . (10,68) 
and a =а\ = (Cfa) 
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If we consider a solution of molarity C, then 
б i= XC; C. = ус 


ит 1 
So gu m {уа = IEC) OCPI fa. 
be 1 
| = Оу) С. | . . - (10.69) 
тади а = Genes \ 


These expressions correlates concentration and activity. 
Fora uni-univalent type of electrolyte, 


х= 1,у=1,х+у=»=2, 
hence ау = ПХ C. fa = C- fa 
and a= a, = Су 
For a uni-bivalent type (say BaCl), х = 1, y = 2; p, 7. 3, 
(1x22ÀC. fr, = VEC Se 
and а Ф. = 4С%]? 


For some simple electrolytes, the expression for ау and a are 
given below : s 


Ш 


li 


hence ау 


1 


TABLE: EXPRESSIONS FOR ay AND а FOR DIFFERENT 


ELECTROLYTES 
dU Sens А ЫЙЫ eMac we ДЫШ d дешы 
Electrolyte | ope Le »| v | Сы | аз Ка = a 


"NaCLZnSO,et. | 1—1 
„ CaCl, Na;S0, etc. 1=2 


2 |с Суз. үс? 


оу? 
eee МЕ, Vie (VEC acsi 
La(NO;)s, KPO, etc, E а '53| 4 Vic V [o à 21с%? 


5 
When concentrations are given in: motal units my the same 
procedure will give 


ay yun ac ys (05 ККД ng 

and а= а} = (х7 QU 

y-terms are their acti уйу coefficients and m-terms molal con- 
centrations, ў 

Also, : (yg m et yr j T 
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10-19. Ionic Strength t р 
vit is necessary to define 
another term namely, the 
ionic-strength which will have 
to be frequently used in our 
subsequent discussions. 
Experimental observa“ 
"tions showed that the’ acti- 
уйу coefficient of a given 
strong electrolyte in. very. 
dilute solutions begins to 
decrease with rise in con- 
centration, reaches..a. mini- 
mum and then increases with 
concentration. The curves 
shown in ‘Fig. 10j illustrate 
f this fact. It was soon rea- 
05 10 15 20 25 30 lised that in very dilute solu- 
tions, the activity coefficients) | 
of electrolytes of: the same 
type (say, uni-univalent. or 
bi-bivalent types) are practically the same at the same ion concen- 
tration. The table below will bear out the truth of this statement. 


Fig. 10j. Activity coefficients of electro- 
lytes at various concentrations 


TABLE ; ACTIVITY COEFFICIENTS OF. STRONG ELECTROLYTES 


Conc. (m) 1х10-% 5x10 1x10^* 
нс! 0.966 0.928 “0.905 
NaCl 0.966 0.929 0.904 
ка 0.965 0.927 0.901 
кук КВк ау 00 0:965 0.927 0.903 
D EET ... 0.965 0.927 0.905 
NaBr 0.956 0.934 0.914 
‘CaCl, 0.888 0.789 0.731 
ZnCl, 0,880 0.789 vis 10,231 
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characters of the different ions present. When a mixture contains 
salts of the same ion type (say all bi-bivalent) the activity coefficient 
of a given electrolyte in very dilute solutions is the same in all:solu- 
tions of the same total normality. In more concentrated solutions, 
the specific character of the ions influences the activity coefficient. 

Lewis and Randall found that the influence of an iori ina mixture 
on the activity coefficient of a given electrolyte i$ proportional to 
the square ofits valency. Thatis, a bivalent ion (say Ba++) influences 
the activity coefficient of a salt (say NaNO;) in a mixture four times 
a К+ ion. For the purpose of comparing the activity coefficients 
of electrolytes in the pure state as also in the mixtures with other 
electrolytes, Lewis and Randall introduced a quantity called the 
ionic strength, denoted by i. This is obtained by multiplying the 
molality of each ion present in the solution with the square of its 
valency and dividing the sum of these products by two. Suppose 
a solution contains different ions having molalities m,, me, т»... 
with valencies, z,, Za, 23... etc. The ionic strength of the solution 
would be 

= mani meg + maza ue] = Emi 
Tn a sense, the ionic strength is a measure of the effective influence 
of all the ions in the solution. 

Lewis and Randall further stated that in-very dilute solutions, 
the activity coefficient of an electrolyte is the same in all solutions 
of the same ionic strength. This rule holds strictly in very dilute 
solutions, say up to i — 0.01. 4 

The ionic strength of solutions of pure salts (molality, m) are 
shown below : 


Electrolyte Molality Valency . |. i, ionic strength 


(i) Uni-univalent, (NaNO) | тма = m| Znas = 1 |i —Kmd'*m a) 

myo, -= m| Zno,- = 1 =m 

(ii) Uni-bivalent, (CaCl) | mcs. =m) 7са++ = 2 |? ={(т.2#+4+-2т.1°у 

à mc- =2т|7с- =1| -3m 

(iir) Bi-bivalent, (M8SO) | p.i, — m 7м ++ = 2 |i =}m.2+m.2) | 
сз: А Zso,--=2} =4m . 

(iv) Uni-trivalent, (LaCls) M ive Жа+++=3 |? = т.3%-3т.1°) 


mca- = 3т| Za- = 1 = бт 
ES — (00 


296 THERMODYNAMICS 


Similarly, a solution containing 0,008m BaCl, and 0.005 т KCl will have its 
ionicstrength, calculated. as follows : 


` mpatt = 0,008 ; тс1_ = 20.008 + 0,005 = 0,021; тк+ = 0.005 
v i = 10:00822 + 0.005 x 12 -+ 0.021 x 12] = 0.029 


- Methods which are commonly used for the determination of 
activity and activity coefficients will be dealt with in a subsequent 


chapter... 


Problems 


1. The van der Waals constants for CO, gas are а = 3.59 10° cc*-atm/ 
mole’, and 4 = 42.7 cc./mole. Show that the fugacity of the gas at 100 atm, 
Pressure and 50°C is approximately 64 atmospheres, 


2. Show that, for a Berthelot gas, at a pressure P and temperature 7. 


^y 9.7 Tè 
hp = - 3.2 | уг za) i i i 
" Ep) AP, where A 128 TP; 1—6 Т? , fis the fugacity of the gas. 


3. At 37°C, in a gas mixture methane is present in a concentration of 0,17 
mol-fraction, Its critical constants are Te = 190.5*K and Ре — 45.8atm. What 
will be its fugacity when the total pressure is 20.4 atmospheres, Ans, 3.4 atm, 

4. Assuming carbon dioxide as a Berthelot gas, calculate its fugacity at 
423°K and 50 atmospheres. Given Te = 304°K and Ре = 50 atm. 

y x Ans, 46 atm. 

5. If P be the total vapour pressure over a binary liquid mixture (1 and 2), 
show that 


20 аа уд тү 
aN, ~ ам, (ўра 1 }, vapours behaving ideally. 


СНАРТЕК 11 


STATISTICAL CONSIDERATIONS 


11.1. Introduction 


In.chapter.5, it has been shown that the entropy of а system 
at equilibrium can be evaluated sufficiently accurately from е 
most probable-macrostate, which has thé largest number of micros- 
tates. The thermodynamic probability'is.then expressed in terms 
of n;-values for the most probable macrostate, and S = kin W. 

In a system containing a collection of particles or molecules, 
each can be in any of the various available energy levels and spatial 
distributions, The macroscopic properties of the system depend on 
how many molecules are occupying the different states. It has now 
been possible to develop statistical methods to obtain information 
of the distribution of molecules among the possible states. This 
enables one to evaluate the various properties of the bulk system. 
In fact, thefe are now three different equations for (и) е thermo- 
dynamic probability which are required to meet different physical 
systems. The three statistics, as they are called, are those of 
(i) Maxwell-Boltzmann (M-B), (ii) Bose-Einstein (B-E), (iii) Fermi- 
Dirac (F-D). The M-B statistics were introduced in the latter 
part of the last century, when rules of quantisation of energy were 
not known. Further in the M-B statistics it was assumed that the 
particles are independent but distinguishable. This statistics was 
therefore quite“ suitable in. dealing with solid systems where 
particles have distinct positions in the crystal lattice. But for gases 
where identical indistinguishable particles are concerned, this 
statistics would be unsatisfactory. It-has.to be appropriately modi- 
fied in its application to gases. 

The other two statistics — the ‘quantum’ statistics of Bose- 
Einstein and Fermi-Dirac — can be applied to systems containing 
identical indistinguishable. particles. The, Fermi-Dirac statistics is 
applied to systems in which the particles (like nuclei, atoms, mole- 
cules) contain an odd number-of elementary particles of electron, 
proton and neutron. This it is suitable for systems of D (deuterium); 
NO, NH; *He etc. The Bose-Einstein statistics is applied to systems 
of particles having even number of elementary particles, such as 
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systems of atomic Н, Н,, No, *He, etc. The degeneracy of each 
quantum level with a. very large:number of States is accepted in 
both these statistics. The shifting of a particle. from one state to 
another in. the/same level Teads to a néw.arrangement. Further in 
F-D statistics, only one particle is allowed in any energy state but 
in B-E statistics (as well as in M-B statistics) there is no restriction ` 
in the number of particles to be accommodated in anyenergy state. 

u The particles) which obey the ‘M-B statistics have now: been 
named: ‘Boltzons’, where аз the particles following B-Band F-D 
statistics аге called now ‘bosons’ and ‘fermions’ respectively, Wé 
shall shart with the Maxwell-Boltzmann distribution first. 


11.2. The Boltzmann Distribution Law 


Consider a system containing п molecules having а total energy 
Е; n of course is уёгу large. The particles are not in the same energy- 
level, Let there be а given ‘distribution, по molecules in energy- 
level &, n, in energy level é; ri, in energy-level є and so on. 


Then, we have, à vs 
E = рЫ Mets eme +... neck s = Xn 
Е N i ШАО), 
апа аіѕо, ол Ny Pry Ph p опр. = Em 
I га 2) 


The thermodynamic probability of a given distribution 
(eqn. 5.24), AE Le 


HZHB М 1 1 
j А ДЕ 


hi^ 
эу 4 Hil Гапан ипе ata a fing! 
Hence ми Inn! — inn; Е 


Since лаз also п; are very largeywe can apply Stirling’s theorem, 
, dux хп x—x exem 4 

Therefore, mW = (n Inà—n)-—(Eniln ni—ny) 

Asn = Zn, "nw = nin n— En: In n СЗ) 
© 217, Now, as the occupation numbers Ny, Tj, пз... etc. in different 
` energy levels change, the thermodynamic probability: changes. Tt 
will be maximum when the distribution corresponding to the equili- 
britim'as. attained. That is at qm. distribution, the magnitude of 
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W, and hence of In W; will be maximum!’ Therefore, at equilibrium, 
din W = 0. From eqn.«(11.3) at едт; 


din = d(ninn)—d(Xnilnni) = 0 


As n is constant, d(Znilnni) = 0 
or X In, ni dni + Хат = 0 
; But Хт = n (constant), 2 Ldny = 0 : A 
. X In m dn; = 0 bar » Qld 


We must remember that for the given system the total energy E 
and the total number of particles n remain constant, i.e. 


n= X ngi ог ейт) ndimi Өл» 4. . (11,5) 
E = ime or dE = У edn = 0 1 211.6) 
Multiplying these equations by undetermined arbitrary multi- 
pliers. а and f respectively and adding equation (11.4), we have 
X In nidni + a Zdni+ BXeidni = 0 
or [5 In ni + a + ВУ] dni =0 
Since. a and В are independent, the restraining conditions are- 
removed, and dn, з 0, this relation will be true for any energy- 
level or cell ;, hence { : i 
Inni +a + bei = 0 
or ny = esei rer, (11.7) 
This is the expression for the number of particles in each energy- 
level, а, 8 being unknown arbitrary constants... £j 
n = Xm = ет Хеви ii " 2,018) 


у off 
ol i 0 1 DAF 91.9). 

re T m= етк y^ эц! iz 
This is known as the Boltzmann Distribution Law. Tt gives at a 

temperature T the fraction of total number of molecules which 

at eqm. or most probable state would possess energy et. ; 
The expressions їп equations 11.8 and 11.9 have to be modified 

as the energy-levels are largely degenerate. Tn such cases, the thermo- 

dynamic probability W is given by equation (5.27), 

ле (вун 

n! 


Ж = п 
V i 


эб 


-Proceeding as before, when at eqm. W becomes maximum, 
п = E(niIn gi — n Inni ni) 
gi 
= 2 (nn) +n 
or dihW- Ein 8: dn, =0 


With the help of eqns (11.5, 11.6) and using undetermined multi- 
pliers a and B as before, 


[2 in (ednidni + аат + B ап] = 0 
or — [ZEm(edm)-a--BE«]dn = 0 


Since а, B. are arbitrary constants, and dni # 0, hence for any 
*energy-level, 


In (gini) +a + Ве = 0 


or m= ессе 2. . (11.10) 
and п = Xn; = e Ygie-bi (чай 
= nagie ty 1.12 

ni PET »5«(H1.12) 


Putting 4 — = Igi e-tu, the eqn (11.12)is sometimes written as 


LTN 
Be en ШЕ). 


113. The Partition Function 
The denominator Xe-&« in the ‘expression of the equation 
11.9 is the sum of the factor e-5« over all the energy-levels, It is 


called the molecular Partition function or zustandssumme and may 
ibe denoted by f... rj 


S = Xé- -U (0114) 


where 8 is called the modulus of distribution. 
‘The Boltzmann. distribution may then be expressed as 


ni = RCM | нү (1115) 


ог nn = Inn — Inf — Ве «+. (11.16) 
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It should be noted that the partition function is a dimensionless. 
number. Its importance lies in the fact that it is essentially required 
in the statistical evaluation of different properties of particles in 
a system. In other words, it would be demonstrated that various. 
macroscopic properties of a system may be expressed in terms of f. 

Evaluation of В. At equilibrium when W attains maximum 
value, the entropy (S) is given by 


S=khw 
or S/k = ninn — Xnilnni (from eqn 11.3) 
= ninn — Уп (Inn — Inf —Be) (from eqn11.16) 
= ninn — Inn, Eni 4 Inf. ®т + R Enie 
ninn—ninntninf-- BE, (since E = Unie): 
or S =nkinf +k BE S00 (117), 
Differentiating, 


(3), - (5), (85), cir qe 


Butf = Хетве ; . (3), = — Хесе? 


ll 


= — te E (from eqn 11.7) 


so Xy. (from eqn 11.8) 
2 ға 
= of - (11.18). 
Substituting, 
0S) cau OE SUB, кє E 
г) -7- T2408, ti 
aS) L k 
is ax], 1 
When the energy is purely the internal energy, i.e., E = U, then: 
98 kp 


oUly 
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But, from the First and Second Laws, dU +. pdu = 


dQ = Tds, 
os 1 
97 $ (b pu 
vu oM 1 1 
Si omg byge КВ = T or 8 = ET v (0.19) 
+. the partition function, f = Жет ... (11.20) 
and sis ness Te ... 0121) 


Substituting В in eqn 11.7, the number of molecules, each 


"having energy єг at temp. T, is 


mM = есее-#ч = ө-ае-«И&Т — constant, e-«q/kT 


5220122) 


Hence, "In a system at equilibrium, the number of molecules 
Possessing energy, «i each, is proportional to the Boltzmann factor, 


ecu lkT. 


If the degeneracy of the states are considered, we would have, 


1 


f = Xgedr 


ni — gie E Т 
{== жш 


.. (0123) 


Qualitatively speaking, the partiticn functicn indicates hew the 


‘Particles are distributed amon 
‘Measure of available energy-levels, 


From eqn (11.13), A= Ў 


g the various energy states. It is а 


Sum over states 
pk чайы! чаш ыы сы 


п sum Over particles 


314. Applicability of M-B Statistics 
Re-writing equation 11.23, we have 


-At the ground state, e —90, & 


Фа (01.24) 


. (11.25) 
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At any other level, since еви > 1, hence gi[n; is always greater 
than 60/7: Ў 


8; 


51 8з 
n 


Hence Бош з жее кегш Ой 
No п пз т 

That is, the higher the energy-level the larger would be the 
value of the dilution ratio gi[ni; i.e. more quatum states would be 
available for each particle. If gy/ny is large enough at the ground 
‘state, the particles are likely to be distributed as one in each state 
like the fermions. In such a widely dispersed state or highly dilute 
system, M-B statistics would be quite statisfactory even for perfect 
gases. 

To illustrate, let us take, for simplicity, an ideal monatomic 
gas like helium or neon and find out the f/n-value. For monatomic 
gases, translational energy only is to be considered as vibration 
and rotation are absent. The partition function for translational 
«energy, anticipated from section. 11.9, is given by, 


_ (ОттЁТ#? 
ае У луг, 
S _ QsmkTyh y 


or р s (n molecules being present in Vc.c.) 


P4 
_ ОтМЕТУ? 82T ; (P in atmospheres, 
МР ДР N, avogadro number) 


Putting the values of R, N and h, 


es = 0.026 М2 TP =" . v. (11.26) 
At 1 atm pressure and 27°C, 
for helium, 4 z32x10* 
and for neon, £ = 3.5х10% 


n 


In these conditions, the dilution ratio is very large and M-B 
statistics will be applicable in both the cases. : j 

An attempt may now be made to find out the dilution ratio 
for the electron gas in metals. Metals are now regarded to be 
-constituted of the nuclei of atoms arranged ina stationary lattice 
:and the electrons freely move around behaving like gases, which 
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is termed ‘electron-gas’ of metals. Sodium crystallises in a cubic 
lattice, From X-ray measurements, it is found that the available: 
volume per electron in sodium lattice is 4 x 10-?? сс. 


ny f | QakTmy? y 
jet m abe qun 
j 9), a 
b = ОТУР Ax 108 


й. 


4.8 x 10-4 


But this is absurd, since f/n can never be less than unity. In other 
words, M-B statistics will not hold for an electron-gas. It may be 
argued that the f/n-value may be increased by raising the tem- 
perature T. It will be easily seen that to have a dilution of 10, i.e. 
fin = 10, the temperature for solid sodium should be 200000°K, 
‘which is impossible. In fact, electron-gas is governed by Fermi- 
Dirac statistics. ў 

Again, from equation 11.26, it-is obvious that with increase 
in temperature or decrease in pressure, f/n would increase, hence 
the energy-level spacings would be closer. 

Seu oo А 

11.5. Partition function and thermodynamic quantities 
It is easy to express and evaluate the different thermodynamic- 
functions with the help of partition functions. 


(i) Internal Energy, U. The internal energy (U) of a -system 
of 1 molecules (in excess of that at the absolute zero) is 


U = Xen, =E eg) 


‘or es 7 Deen ұғ 
ч а 1 $ 
Put f = Zekr, hence ^ = үт ®че wr 
ог Р ok eie = kr d 
Substituting, the internal energy 
9 пкт? df ату 
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Fora gm-mole, U = МКТ? 282, 


where № = Avogardo number. 


The average energy of each molecule, € = КТ? ‚. (11.28) 


dinf 
aT: 
(ii) Entropy, $. From eqn. (11.17), 


`$ = nk Inf КВО j 


Sime Ale E SUN ES nk nf - ... (11.29) 


Subsituting U by equation (11.27), 


dinf 


S = nk in f + nkT —— AT 


. (11.30) 


(iii) Work Function, A. We know . | A = U—TS 
Using U and S in terms of partition function f, as expressed 
above, 


A = UT [ning + A 


or PEA S HN SE E 24 (1131) 
(iv) Pressure, P. Singe då = —PdV—SdT 
of 
WE =- (2 (9 (ar) 
Since A = —nkT In f, a — uL 
e = р = "7 (2 —nkT 54, ^ Изо) 


Tn Gibb's Potential, G. Since G = A + PV, we сап write 


GEO RE Inf A ЛЕТ 8x, y 


or G = —nkr [nf - (227, ERN E E, 


20 


N 
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(vi) Heat Content, H. The heat content, H = U + РУ. 
Substituting with equations (11.25 and 11.26), 


E M dinf , „әу 
Н = Т: AS + пкт a7), y 


àv 
or н wer | (S24) i Bez) | 2020134 


(vii) Heat Capacity, Cy. By definition, Cy — (27 : 


Hence Cy = nk & pt р 222 (0135) 


11.6. Molar Partition Function 


So far we have considered systems in which there were n 
individual distinguishable particles distributed in different energy- 
levels and f denoted the molecular partition function. But we have 
to deal with large-scale systems, in which quantities are taken in 
gm-moles. 

Let us now take a system which may be supposed to be consti- 
tuted of large number of smaller ones each with a gm-mole of the 
substance. That is, the individual unit here is not the molecule but 
a mole. Let the energy-levels allowed for the whole system be E,, 
Es... Er ..., and let there be x such systems in all. In each of 
these there are, of course, No, Avogadro number of molecules. Then, 
the average energy E, of such a unit is: 

Exi 


Ое Xx 


IfZ be the partition function of these systems, then Z = Xe 
Now, following the procedure as in the previous section (equation 


?. * 


13 dinz ; 
E kn [| 225 (11.36) 
. Where we designate Zas the molar partition function, 


4 
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But we know, (eqn. 11.27) the energy of a gm-mole, [for 
convenience of writing, Avogadro number M, is written as N], 


e= ur [E] = an [fi 


This leads, on comparison, to the result, Z = f^, 
The thermodynamic-functions may then be written, as, 


(9:5 = wer St ү Nkinf 1 
din Z 

= kT = RkhZ 
O A= —NkT Inf = — kT nZ L Ыт) 

ЕА _ (dint 
oc- -марьу- (ун) ] 

ô inz 
un =кт[т2- (35 | 


These relations would be true for systems where the molecules ' 
are all distinguishable and can occupy energy-levels without any © 
restriction. Thus, these expressions would be valid, say, in the case 
ofa crystal where the different atoms occupy fixed localised positions 
in the structure, 

But in the case of indistinguishable particles, there would be 
some difference, We may proceed to consider it in the following 


fashion : 

Suppose there are two distinguishable particles (a, b) which 
may be in thrée possible energy-levels (є, є, єз). Then the energy 
of the. system may give rise to the following nine distributions: 

() E= e(2)-- 60) X: (i) A= a@+ elb) ` (ii) B= 600) ea) 
(ii) E= e(a)-- e(b) (у) E= e(a)+a(b) (vrii) E= (b) + (a) 
(iii) E= є(а)+ «(Б) (vi) E= e(a)-- eb). (x) Ej—e(b)-- esla) 
Then, Z = e-2«/kT. | е-1,АТ | е2 IkT L 2e-c KT. ge gikT 
-L 2e -«IkT е-е АТ 1 2e- KT oe kT + 
= [em е ec AT р ecc IET]? [Xe-ekr]: — fe 
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Now if the system contains N molecules (1 mole), then 
Z = [Be EIk] = Xe-6, te * neg t ne kt 
= Dene (eee gl kT ge КТ 
(since each of these have N possible energy-levels) 
Or Z = (Sekt fN М i .. (1138) 


This is the result obtained earlier. 

But if we presume the molecules,to be indistinguishable, às 
in the case of a perfect gas, the relation above requires modification, 
for we have taken too many possible arrangements of the particles. 
In the case cited above, the state (iv) will be the same as (vii), when 
‘a and ‘b’ are indentical. So the number of distribution would be 
much less, The N-particles in a gm-mole are all indistinguishable 
and these had №! permutations among themselves in as’ many 
energy levels. We should therefore reduce the experession for Z 
by dividing the same with N'!. Hence, for indistinguishable particles 
(a perfect gas), the molar partition function, |Z in eqn. 11.37 should 
be replaced by Z/N!. 

It is obvious that for systems of real gases, liquids, etc. such: 
rigid relations will not be valid. For a perfect gas, the thermodyna- 
mic functions shall be [see equation 11.37] : 


Z а, 2 1 
ев (i) TUR (i wi) 
= kinz + krHPZ kny 
OA = атт 2. — KT n Z&KT ln Nl 


Nt ‚.. (0139) 


—KT In Z + NKT In М—МЕТ. 


І 


-RT| n4 + 1] 


ie б = A+PV = AKRE = -RT h $ | 
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11.7. The Third Law 
Itis now possible to make a statistical formulation of the Third 
Law. 


б Tc 
From egn. 8.4, $т— So = | AAT. 
0 


` [eT 
At very low temperatures, S;— S, a f San (Су C.) 
0 


/ Substituting partition function expression for C,, 
T 
1 [dU 
J т Ur), 


"id (урад т2 
та (a), s 


Spi S) 


t 


и (252). үзү гр (22). m 


ae Z + kIn(Z)y— kin Zp, 


Equating the temperature-independent terms, 

So = К In (2), = k In(f®)o = R In (f)o = R In(goe®) = R In go 

As the. temperature of the system is lowered, the value of 
degeneracy (g) declines because fewer distributions are compatible 
with the total energy. In the limit T = 0°K, only one distribution 
is compatible with a total energy of zero, every molecule is in the 
lowest level. In a perfect crystal at 0°K, there is only one arrange- 
ment, ео = 1 ; henceitsentropy, So = 0, whichis the Third Law. 


11.8. Partition Function for Molecules with Different Types 
of Energy 
It is'a fact that most often the molecules are associated with 
energy of different types. In expressing the partition functicn, all 
the types of energy have to be considered. Take a system containing 
У molecules (all of the same kind), all possessing different kinds 
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of energy, say, translational, vibrational, rotational etc. Let the 
different types of energy be labelled a, В, y, .. . etc. 

The allowed energy-levels of the a-type are Meike: GEL САҢ 
for B-type ате єр, eg. єһ›.... and so ол. 


The respective Boltzmann distributions will be 
аа еа Nees 
Ni = тетей, М = 776 M Nu 


where fj, fg... etc, are the partition functions appropriate to 
а, B, . . . types of energy. б 
The total energy (E) of the system is (see eqn. 11.28), 


E = Xe Np +H Dep, NP Be Neo. 


Ш 


4 , d d 
МЕТ? gp ln fa + NRT эы Inf, + NeT Inf, +... 


1 


мт: Stn USUS TUS 


If fis the net molecular partition function; when every molecule 
is capable of freely taking any number of types of energy, we may 
write, 


d 
- "us 
Е = МКТ ar nt 


; Comparing, — f = ff у o. г (01140) 


Le., the net partition function is the product of the separate partition 
functions in respect of different types of energy associated with 
the molecules. 


11.9. Partition Function for Translational Energy 


_ . The translational energy is also quantised, though the difference 
in the energy-levels are quite small, The only way in which a particle 
Would exhibit periodicity in translational motion is in relation to 
its impacts on the walls of the container. Suppose ina cubical box 
of Jength J, a molecule is moving parallel to x-axis and repeats its 
‘Motion each time it completes a path 2/. Then 21 = nà, where nx 
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is an integer and A is the wavelength associated with the matter- 
wave, The translational energy (є,) along the x-axis is given by, 


€ = imc? = я. P?, (p, the momentum) 
ог: “= ge ( 6 ) И ~ (using de-Broglie relation) 


бе a hn | onm 
— 2m \211 ^ Вт 
The molecular partition function due to translation in x-direction, 


ІКТ =пэнз/8тіз 
= Хе kT 


Se = Хе 


Since energy levels аге very close, we may assume continuity, so that 


5 = пэћэ [819 
0 
me. End 4 
Ри gage = @, so that dn = 4 (ser) da 
y eA 
Hence ae иш е-а da 
^ 0 


RS as ; 
— GH Ceme ( | ш а-ы) 
° 
Considering the translational motion in all the three directions, 
the molecular partition function for translation would be, 


2. Отт) В _ (2rmkT RPV 
fo 9M ee (ALI) 


For a perfect gas, the molar partition function would then be, 


Z -—yfN Rec 


E 
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But for the indistinguishability of the molecules, it has to be 
modified as, 


тула ee 


1 [Qzmkryisy ]N 

ТА 2 7“ = N (ee a 
e \N г QamkTPRV IN `. ARNAN А s 
22 (5) [Grm ] » Since, №! = (2) ; (Stirling) 

rd Cema rave gy 

| ja 7% | 

КТ), 

: Hence Ninf = Nin [Sent e) 

Therefore — f, = Ere гат) 


Also  . In fi, xx туе in Tun 


or d Inf, ‚.. (11.43) 


Ye 


Hence from eqn. (11.35), for a monatomic gas, 


Ганн арз. 
coral в ат X gp l-48 ...0145 


Example : Calculate the translational partition function of an oxygen 
molecule confined to a 100. ст? vessel at 25° 


In S. I units : Mo, = 16X3.348 x 10-*kg 3 ^ k= 6,626x10-*4 Js | 
k = 1.381х10-% JK- - ^F = 100 сш? = 10-5575 | 
2 
i 3/2 | 
From еда 1141 fis [==] E. | 
1 
LES [ 2X3.14 x (16x3.348 x 10-7 kg) x (298K) (1.381-х STE I j 
A S (6.626 x 10-1) 
. X (10-*m?) 
= [32.87x 10m] x (10-*ms) f 
= 1.885 x10% | 
‚ Itis thus seen that even at room temperature about 102° quantum levels are 


accessible for the oxygen molecule. 


Secale 
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Monatomic gas 

In a monatomic gas, vibration and rotation are absent ; only 
the translation is to be considered. Its internal energy or entropy: 
can be easily evaluated from the partition function, 

(i) Тһе internal energy U, 


dhf _- pres 


1 
U = Nen © т 


=} RT, (from 11.43) 


(ii) The inp S, 
S = UJT + Nk Inf, (neglecting statistical wt. factor) 


dinf , 
Tat 


(2ттЕТЎ!?Ре 
NAE 


= мт £7 | Nk nf 


$R-cRÍ 


B gne Ee < < 145) 


: } A 2T3|265/2 
or, `$ = R [in Отау + m ITE] 
[R(SI2-3]2. In 2c]? —5[2.In NY] + RUn V+3)2.n T 
43/2.In M) © 
С, + RÜnV--3]2.In T 43/2. Mj, 
where C, = R(5/2+3/2.In 2хК[#—5]2. №) 
= —11.073 cal/degree 

Again, since АТ/Р = Y we can write eqn. (11.45), 

p (rmk Teš BR 

МР 


| (От (2х М)?/з(ек) 275/2 5/275/2 
= Rin ONP P Я 
(2 R=Nk;M = mN) 


Й 


ll 


Ja Jn \ 
or S=Rh oe 4, 3/2.R nM + 5/2.R In T—Rin P, 
+ (1146) 
where the first term is —2.313 cal. degree, 
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This is the well-known Sackur-Tetrode equation. 
j S = $RMM+$ RinT-—R In P—2.313 
The entropy increases with increasing mol. wt. and also with increasing: 


temperature. 
At standard pressure and temperature (25°C), 


met S = 6.86 logio М--25.983 cal/degree. 
Monatomicgas —> He Ne A 
$ (e.u.) > 30.12 34.93 37.08 


i "Problem : Calculate the entropy change of one mole of helium when it is- 
heated from 300*K to 600*K at constant pressure. 


d mu [ Qm Mylt(ek)ysls b ] 


№з/ар 
Es @тмуҖекунз 
= Rin АТ, where A = iem 7 
Then Sooo = R pr (А.600Ч), Ssoo = R In (A.300°/2) 


or AS = Rin (egy? = $X1.98x2.303 log, 2 = 3.43 cal/degree-mole 


11.10. Partition Function for Rotational Energy : Diatomic 
Molecules f 
From quantum mechanical principles, the rotational energy 
(е) for a diatomic molecule considered as a rigid rotator at the 
Jth quantum level is given by 


2 
“or = 7G +1) ee [/ = moment of inertia, ш] 


Putting В = А/ 8с; Sor = J(j + 1)Bhe 


The degeneracy 8; for the jth level is Qr 1), which represents. 
the number of Possible orientations of the angular momentum 
Vector with respect to the referencé axis, 

Hence the partition function Gros) for a rigid rotator is 


fa = Узе-от = dat l)e-/d )anej«r 
i j=0 


: Assuming a continuum of rotational energy, the summation 
is replaced by integration, especially when Bhc < kT. 
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Putting Bhe/kT = B’ , 
* 
C 


fr = орен aj 
0 


Since d(j? +j) = (2j + 1) dj, hence 
"re 
fam [енна ae ed =} 
о 
where x = (j? J- j)B'. 
Thus the rotational partition function becomes 


Wale ЕТШЕ лаје 
TP gos phat hE UR 


or ^e = TE 2. 0147). 


For heteronuclear molecules like CO, NO, НСІ, etc. this is 
valid. But in case of homonuclear molecules like 018016, NUNI, etc, 
where the molecule when reversed becomes indistinguishable from 
the initial state, the partition function has to be divided by the 
symmetry number 2, 


| Sz*KT 
е. rot = "o 


EJ 
When the symmetry number is о, fror = priu Т. 


. (11.48). 
The molar rotational energy of a MA gas would then be" 


Eo = Neri het pps d ple eto) = NRT 


‚ (11,49); 
The-rotational entropy (see eqn. 11.30), 3 
dii 
S, = R nfin + RT ape 
87 а 
= Rin ET + er Zn (Sr) 


Rin (=) “R= Rin жү 222 01.50) 
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Collecting the constants together, thisequation may be expres- D 
'sed as, 
Sa = RI +RnT—Rinc + RX89.40 
This shows that the entropy increases with increasing moment of 
"inertia as well as with increasing temperature. 


Example : Estimate the rotational partition function of НСІ gas at 300°K ; 
"the moment of inertia is 2.66 x 10-4" g.cm*. ү, 
_ 8л%]КТ 

ой? : 
_ 8X G.14)* x2.66 x 10-* x 1.38 x 1026 x 300 
" 1x(6.62x10-7): 


For НСІ, froi 


= 19.76 


‘11.11. Partition function for Vibrational Energy : Diatomic 
Molecules : 


“At the nth quantum level, the vibrational energy of a ‘diatomic 3 
molecule is given by e, — (1--3)hv, where v is the fundamental — 
frequency of vibration and n is an integer, 0,41, 2, 3, 4, etc. Hence ` 
ithe vibrational partition function is | 


со 
Soin = Же-(п+4)КТ 
о 


= ект [1-1 e-hikT Жеты i., е-імкт-...] i 

Or Хир == етй (]—e-hvikT ya iu. (IHI 
The quantity 3Av/kT is indeed very small, and as a first approximate, | 
Soin = (I—e-hikr) e. (11.52)) 

The vibrational energy оЁ а mole of diatomic gas from eqn.11.27, 


Eni arg Infoiy = RT? Zi In e~hwl2kT (1—e-mar) | 


М», етт | 
==; + Nw рт... (11.53) | 


, Example : Calculate the vibrational partition function of HCI at at 25°C. 
‚ ‘Given wave number w = 2989 cm-i, |. 


fo = (Lebka — (_„-кшктуз = ({_„-ззишь}Туз 
EIE (1671-9 y 2056/05)-1 £2100. 
К oe 


А 
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Example : The wave number of the normal vibration of Cl, is 556.9 cm~.. 
Calculate the temp. at which 2.00% of the molecules will be in the 1st excited. 
vibrational energy level. 

If w be the wave number, 


Е, = Nohvo = Nolic. 1. = (2.859 x 556.9), 


C? Nohe = 2.859 cal-cm/mole) 


Again, пот = 98/2 = 49 
We know.  Inm[m, = ~E JRT 
or log no/m = E,/(2.303 x RT) 
у E 
2 = 5303 xRT log (jn) 
2.859 х 556.9 
= = 205K. 
, 3305x198xlog 49 .. 


An example to illustrate the calculation for distribution of population in. 
different quantum levels is given here. SAM 


Example : At25°C, the vibration energy levels of J, molecules have a constant 
difference of 214.6 cm~. Estimate the distribution of the molecules in the first 


four consecutive vbration levels, 
Since the energy (є) is given in wave numbers, the value of kT should be- 


taken in same units ; 
(1.38 x 1073JK-7) x 298" K. 


Ке = ce e6xc10-947-5) X 10m) 
f = 207 cm i 
Hence «ЇТ = 214.6 em-/207 cm = 1,036 


{. Partition function, fy = (1—егЧ#Ту — (еты) = 1.550, 
"The proportion of population in different j-levels will be given by 
mp ecdkT _ е-1х10% › 
N ru L55' ' 
Putting j = 0, 1, 2, 3, we Have Py = 0.645, P, = 0.230, 
“Р, = 0.083, Py = 0.029 


Using equation 11.52, the vibrational energy per mole would bé 


5 m ‚ МЕТ 
Ee = RD (i-em) Pes ele e 


22. (11,54), 
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Again, Work function, 4 = — RT In foio 

= — RT In (1 — e—ikT)-i 

= RT In(1 — e-ikr) (11.55) 
-Hence, the vibrational entropy per mole, 


hv/kT ROB 
=R ЕТ СҮ —R In (1—e-hikr) 


МОВЕ); 


Electronic Partition Function : The electronic energy spacings - 
are generally very large, and hence e-tekr-values are very small. 
"Only at the ground state e, — 0, hence in most cases, 


Јаве = 1 meas (LAT) 


Eviy—A 
eon eas а vib 


In some cases, the atoms in the ground state may have a dege- b 


"eracy, i.e. several states of the atom have the same energy. In 
such an event, 


Јаве = g 


This is observed їп alkali metal atoms ; the two orientations of the 
unpaired electron spin lead to doublet ground states (g,— 2). 
There are also a few other instances, 


11.12. Diatomic Molecules 

It is assumed that the rotational, vibrational and translational — 
motions are independent of one another. As such at the ground 
electronic state (f, = 1), the total molecular partition function 
of a diatomic molecule would be, for the gaseous phase, 

| ШО P Str . Srot . Soio 
Using eqns. (11.42, 11.47 and 11.52), 
SQamkT Ve. Sz*9RT : ; 

fte = TOP NR Ur ЕР тий етае) лаа c (11.58) 

Likewise, the energy per molecule, (eqns. 11.43, 11.49 and 11.54), 
; € = eer t Erot + иь А 
hy 


Зат. SL БЕТ 
5 КОТЕРУ т =p AT + RT iT 


ЇЇ 
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€i) The energy рег gm-mole, 


БЕТ 
-E = Me = RT| 52 4 | 2. (11.59) 


ii) The entropy per gm-mole (eqns. 11.45, 11.50 and 11.56), 
S = Str d Srt + S vip 


= R[F +n (ee di rÍ А {5 тү 1] 


/ 
\ 


+ Rin (eS РЕТ а Rn pomi) 


УКТ 
n [52 ИХ (кто ]: HE (E) +1] 
+к[1— (2 ЕТ) | 23x (11-60) 


(iii) The heat-capacity, Cy per gm-mole, on differentiation. of 
eqn. 11.59, 


E hv ет: 
„=(@),=ук+л(#®)' gem «+ LS) 


Evidently, the evaluation of entropy from eqn. 11.60 would 
"require the knowledge of Гапа v, which are obtained from spectros- 
copic measurement. The entropy calculated thus is often called 
'spectroscopic entropy'. These values really correspond to those 
calculated from the third law. Some instances are appended below. 


TABLE : ENTROPIES AT 298°К IN JOULES/DEGREE . 


Molecules Third law : RU 
5 
A 154.8 is 8 
Ne 146.4 146.2 
нс! * 186.2 186,8 
со 193.2 ` 197.9 
H ^^ 244 130.7 
CH4 186.2 186.8 
"са . 168.0 ~- 167.2 


The small discrepancy observed in the case of hydrogen and 
«carbon monoxide is due to the presence of more than one indis- 
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tinguishable symmetrical forms ; CO and OC, or of ortho and para. 
hydrogen. 


11.13. Equipartition of energy 


The different kinds of energy possessed by a molecule are: 
usually expressible in squared terms for each degree of freedom. 
Thus, the kinetic energy is of the form 1mc,?, rotational energy, 
Hw?, vibrational energy 1kx* + тиз, and so on. Let there be r- 
such terms, associated with the energy of a molecule. Then, the: 
energy є of a molecule : 

‚є = € d ef egt... er 
В bixi + baxa? + baxa? +... box? 

"The. partition function of the molecule, 


S=filvls. fa. fe 


ә ә = 
т) [ е-8%,* dx, f е-—8%ух44х.„ f 'е-8%х4 Дх .. | eS x dy 
9 0 0 9 


To simplify, 
let y? = Bx, dy, = Bid, ie, dx, = T 


| еей -Í E diss в] еуі 
Putting О, for the integral ad the right, = 8-0; 
f = B4Q:. B30Q. B30Q,... BO, 
ор Оу т (where :Q-— 9.0... ...) 


Tt is to be remembered that Q,, Ø, ... etc; and hence. Ø, would not 
contain f. 


Now, ph 
Hence. QE — d (в 0) 24 [r/2 . Ing — In Q 
, df er cup ues 1 


ae a С. B kT) 


/ 


a ў 
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That means, that if the energy could be expressed as sum ofr squared 
terms, the average energy e is r x 4kT. Hence, for each degree of 
freedom, the energy is 1&7. This is the principle of the equipartition 
of energy. 

But such conditions are not fulfilled in some instances; For 
'example in the case of a gas in a gravitational field, where potential 
energy is not a squared term but mgh ; the mean gravitational pot. 
energy is not 4kT. Similarly, in those cases where energy taken 
up is quantised, the energy associated with them is not a linear 
function of the temperature. | 

In the case of crystals, say of metals, the:atoms have only 
vibratory motion. The vibration may occur in three directions 
and each mode has two degrees of freedom. А 


Hence, e = {Т x 3 x 2 = ЗЕТ, or E = 3RT e» 6T 


o O= Gs ) =æ 6 cal, which is Dulong-Petit law. 
oT)» 


It means heat-capacity should be independent of temperature. 
Butin fact, considerable variation with temperature has been noticed. 
That is, the principle of equipartition has failed. 

The heat capacity of solids has been accounted for with quantal 
principles as shown below. 


11.14. Heat capacity of solids. (7) Einstein Equation. Theatoms of 
the crystal arranged in a definite pattern have only vibrational 
motion, the electronic levels: assumed to be unexcited. For each 
atom, there are three vibrational degrees of. freedom, so that for a 
crystal of N atoms (1 gm-mole), there are 3N degrees of freedom. 
The vibrational motion is considered harmonic, so that an oscillating 
atom at the nth level will have the energy, є = (п + Phy, where 
у is the fundamental frequency. Я 

A fairly satisfactory quantal treatment of the specific heat of 
such a solid was first proposed by Hinstein (1907). He considered 
that the N atoms of the crystal were all independently vibrating 
with a common frequency y. Then the partition function for the 
', whole crystal is given by, : й 


f" = У[е-б+)ыктүзу 
& [е 3187 (1 e—Wikr)—1 үзу 
21 
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y Av 
Ч ifr 
Applying equation (11.53), the energy will be given by, 


3Nhve-hkT. 
= $Nhy 5 Ice KT _ 


or Inf — — За (1—e-^"I&T ) 


= M + 3N ETT 
| az 
The heat-capacity, C, = (57), 
hv|kT 1 
or Cy = эме (Fe) erp + + (11S) 


This is Einstein Equation, 
The Einstein equation gives temperature curves very similar 


to the experimental ones. Of course, the value of v is determined | | 


from experimental results empirically. In fact, when temperature 
is high, that is, hy/kT is quite small, we have, Cy = 3R. This is 


_in agreement with the classical theory and the Dulong and Petit 


Law. Again, as T tends to zero, Cy also tends to zero, a conclusion 
in general agreement with experimental facts. But in the lower 


ranges of temperature, the calculated values (from Einstein equation) | | 
' fall more rapidly than do the experimental values. This disagreement 
is due to the neglect of the mutual interatomic forces. It was Debye: 


(1912) who developed a modified equation which gave a very satis- 
factory agreement with experiment over the entire temperature 
‘range. 


(ii) Debye’s Equation: Debye suggested that (i) asolid isto be | 


` assumed as an elastic body, and the vibrations of the whole should 


be considered (ji) the 3Nj-modes of vibration (in a gm-atom) 
of a.monatomie solid are not all identical, as assumed by Einstein, 


__ butare distributed amonga spectrum of frequericies. The frequencies 


range from zero (v = 0) to a maximum frequency Vm, (у = v»), 
which is a characteristic of the solid. Debye's v, is different from 
Einstein’s v and it can be shown that y, = = Фу, 


Now, it is known that if the total number of ways, z, in which ~ 


an elastic médium of volume V can vibrate with a frequency >, 


then dz between the frequency range > + dv and v will be given by 


Р mV i 
vin “a Vay - 
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If we take a gm-atom of the solid elements, containing Ny atoms, 
the total number of vibrations possible will be 3N,. Remembering 
the frequency-range v = 0 to v = Vm, we have 


BEL dz E yey = ‘ein! у зу, 


3с% 


9N, 


Eliminating V, we have, dz — s vdv 
Е at m 


Now the vibrational partition function, 


So = ењ (1 —eg-hlkT)-1 


7 ћу 
ог Inf; = — 2ET In (1 —e-WikT ) 
' The partition function of the whole crystal may be obtained | 
by attaching to each frequency the partition function of the single 
oscillation, i.e., 


Ninf — | "когзьдт-а (1—e-hIkTJ| ду 
0 " 


E x | [—3Av[kT—In(1—e-IkT)| у?ду 


= — 2 Nin _ —e-hvik 3N | ти рге 
= ETE 3N In (1—e Vin Ju ili; 


At sufficiently low temperature, the second term is very small Md 
negligible. 


, 


| Putting I =x ie, dy = (KT]hydx 
© 
Ninf = = үү + З (у= 5, sud 
9 Nh». 


== Wenig 


П 
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Now, substituting this in equation (11.27), the energy is 


9 Зт* үз, 
E = Мы + МЕ (5) T 
Therefore, the heat capacity would be, 
дЕ 1274 kàs 
cr = (57), =F Nk (жу) T^... (11.63) 
This is Debye's specific-heat relation at low temperatures, 


Ут 


Expressing Wa. = 4p, the equation may be written as 


11.14a. Mixing of perfect gases 


Suppose n, molecules of a perfect gas A having a volume v, 
be allowed to mix with n, molecules of another perfect gas B having 
a volume оз. The molecules of А and В are distinguishable. The 
molecules of А alone are indistinguishable and the same is true of 
the molecules of B. The two types of molecules do not interact. 
The temperature (T) and the pressure (P) remain constant through- 
out, 


(i) Pressure : The grand partition function of the mixture | 
of gases is given as, | 


a sige = (ве (ey 


where V is the total volume and ¢ written for 


jee + Ла +a], 


As the temperature is fixed, the partition functions for rotation 
and vibration are supposed to remain unaltered, The molecules 
of each gas are also supposed to moye quasi-independently of | 
each other. 


\ 
= 
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Using equation 11.32, 


dinZ 
ne kr dV Т, пз, пу 
= kT (n/V + ту) = TkTIV. + пу 
oP = Р, +P, 


where P,, Р, are partial pressures of the two gases in the mixture. 
"This is Dalton's Law. : 

(ii) Entropy : In the mixture, the total number of molecules 
n = (т + n; and the total volume V = (уз). If W represents 
the thermodynamic probability of distribution of the mixture, 


' : n! 
then Labs ОЕ 
It relates to the increase in configurational entropy in the mixing 
of the two different types. Applying Stirling’s rule of approximation, 


Spi; = k[n Inn—n—n, In n; —ngln п-п]; (the last four 
terms account 
= K[m +n) nn — nj Inn, — п, In ng] for the entropies 
А of individual 
S л, components) 
= —Е [n na + ng In = 


l 


—k[n In x, + ny In х] 
where x,, хз are the mole-fractions of the two gases present, 


^ Sa = — RNo [S + tn] 


= — RD, In x, + vs In xa] 
where No = Avogadro numbers and Уз, Уз are the moles of the 
two gases. 
In general, for a number of gases, 
бых = —REv; In x 
This is the same relation as obtained from classical thermodynamics 
(see. eqn. 5.23). 


11.15. Quantum Statistics 


We have so far attempted to predict the behaviour and 
Properties of systems from the Boltzmann ‘statistics, often called 


. 
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the *classical statistics. The classical statistics is quite suitable for 
crystalline solid systems. At low densities of gases, the Boltzmann 
distribution Law is fairly satisfactory but when the density is high, 
the classical statistics shows little agreement with experimental 
facts. The classical statistics also fails to explain the behaviour of 


‚ ‘electron-gas’ in metals or that of the photons. These anomalies 


led to the formulation of quantum statistics developed in two ways 
for different systems : (i) Bose-Einstien statistics and (ii) Fermi- 
Dirac statistics. Both of them are concerned with indistinguishable 
particles. It would however been seen later that the Boltzmann, ^ 
distribution Law follows from either the B-E statistics or' the 
F-D statistics, provided the density of the particles in the system 
is comparatively low. For real gases at ordinary pressures, correc- 
tions with any quantum statistics are quite small and the M-B 
statistics would be appropriate enough. (See Sec. 11-1) 


ч, 
11.16. The Bose-Einstein statistics. 


. In classical, distribution the particles are labelled, i.e., 
distinguished from one another, If two particles interchange their — 
positions (or energy states), a new complexion would occur. But 
in Bose-Einstein statistics, we start with identical particles which 
areindistinguishable. Thus, the interchange of two particles between 
two energy-states will not give rise to a new complexion. 


B-E 


wet 


Bolt; mann 


а а 
* ; o4 


Fig. 11a 
_ Suppose there are four particles distributed between two cells ' 
X and У, three in x and one in у. They would give rise to 4 com- - 
Plexions if they are distinguishable (Boltzmann) and only опе. 
complexion, if indistinguishable (Bose-Einstein) (Fig. 11a). 


r 
| 
| 
| 
| 
| 
| 
| 
| 
' 
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It must be recognised that the available energy states under 
usual conditions are much larger than the number of molecules 
(Eqn. 5.27). Let us consider a small energy range so that all the 
molecules may be supposed to have the same energy. The number 
of energy states even within this range would be quite large. The’ 
molecules may be distributed in these states without any restriction, 

To illustrate in the example cited just before, suppose the cells 
are divided into four sections by partitions, the sections representing 
the energy states, The following distributions are then possible, 


Cell x= 


Rew 
RRR RRR 
3 P3 Dd Ex] [E] Dd 
ШШ ce 


— — —— — — — — 2 á — á — — 


Celly — 


À 
KRAAK e 


Fig. 11b. 


Altogether then there are 20. possible distribution for three | 
particles in cell x and 4 ways of distribution of one particlé in cell y. 
So the total number of possible distributionis20 x4 = 80, (Fig 11b). 


j 
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An attempt may now be made for a general expression of the 
distribution of particles under these conditions. Suppose there are 
n; particles each with energy e in the i-th level in which there are 
& states of energy. The degeneracy is g;. Hence \(g;—1) partitions 
would be required to place  particlesin е; sections, each section 
corresponding to an energy state. The problem is to distribute т 
particles into g; sections without any restriction, The permutation 
of n, particles and (g; — 1) partitions simultaneously is given by 
(те + gi — 1)! But this includes also the permutation of n, particles 

‚ amongst themselves and also (g; — 1) partitions amongst themselves, 
as both these groups are internally indistinguishable. Hence the 
actual number of complexions of the т particles in the 2: energy 
states in the i-th level is given by 


(n, +g 1)! 
mig — DT .. (11,64) 


For the total number of distribution considering all the energy- 
levels, the thermodynamic probability may be expressed as 


ug 0T g—1)! 
WR OBI ... (11.65) 


The most probable distribution can then be obtained from a 
maximization of W. Using Stirling’s theorem, 


т = > [rn--8—1) In (ig: 1) —i In m — (81) In(gi—1)] 
Т М 2 j 


wid e SS n+e—1 п 
h W у [mets Олфа m pi) a 


А п, ae 1 i і + 
огап = yd ed dn S166) 
п A ў x 
N У In (а) dni, since g;is much larger than unity. 
: ° 
At the maximum, din W = 0, hence 


У (1+8) а = 0 <.. (11.67) 
i 
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As in the derivation of ће Boltzmann law, we must remember, 
^Eedn = 0 ... (А) 
У а —0 Ды (В) 
Multiply (B) by а and (А) by B and subtruct (11.67), when 


Y[etea-m(1 2) | dm = 0 


Since dn; # 0, the expression within the square bracket would 
be individually zero for any level i. 


or in (п +2) ЕЕ 
ог 81 = ee — 1 
ny 
p: ‘Si 
туту] + + + (11.68) 


This is Bose-Einstein distribution Law. 


11.17. The Fermi-Dirac Statistics 

Tn the Boltzmann or in the Bose-Einstein statistics, there was 
no restriction as to the number of particles present in any energy- 
state. But in applying the distribution law to particles, like electrons, 
the Pauli Exclusion principle is invoked. That is, two particles in 
an atom cannot have the same energy-state. It means that not more 
than one particle can be assigned to a particular energy-state. 

In the example previously taken, in which four particles were 
distributed in two cells, with three particles in cell x and one in 
cell y, we have the distributions as in Fig! llc, cid that 


es Ж] Б bx] È 3X] Ж | 4 
« Ed E D3 K 


Fig. Пс, 


‘ 
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each cell is divided into 4 compartments. The total number of 
possible arrangements, with the restriction that one particle only 
can occupy a compartment, is 4x4 = 16. 

Let there be m particles of energy e; in which there are g; energy- 
states. Remembering that all particles are indistinguishable and that 
one state can have one particle, the number of ways т; particles can. 
be distributed among gi - states in that level is given by 


(gy) E 
(т)! (gi — т)! 


In considering all the energy levels, the theromodynamic 
probability would be, 


I (21)! 
Жа TU — aM 


Hence In W = Хив)! — In(ni) !—In(gi — т) 1] 
= Els In gi — ni In m — (gi—ni) In (g: — ny 
Using Stirling's theorem, 
Since g; is constant, i 
dinW = z In (S) an, 
E i т p 
For the most probable distribution, din W = 0. 


4 Ein (2) am =0 


or т (# — 1 ) du =0 ; С 
We know, Zedm = 0, ог BXe dy = 0 Жаз (В) 
гапа E dn = 0 or аУй = 0 © (С 
where а, B are undetermined arbitrary multipliers. : 
Add (В) and (C) and subtract (A), then · ^ 


У [- +в. (е DIC A 
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Since дт # 0, and а, В are arbitrary constants, the terms within 
_ each of the parantheses would be zero. 


а +89 (8.1) = 0 
Br ч 
ог = = erebi + 1 


dun 81 
i.e. {m= aa ET ‚.. (11.69). 


This is the Fermi-Dirac distribution Law. 
In comparing the three statistics, we may write, 


Maxwell-Boltzmann : т = 8 
i: евеВе 
ff n > EENE 8i 
ваа E Hic MD 
ту: E ТЫ 
Fermi-Dirac UD airmen EA. б 


Rearrangement of these expressions leads to 


. Maxwell-Boltzmann : РА = езе. 
i 
Bose-Einstein Н = +1 eei 
1 
i . Fermi-Dirac , ; & 1 = ereu 


ni 
When the value of g:/m is much greater than unity, which is often: 


the case, both the quantum statistics reduces to the classical’ 
distribution. 


11.18. Maxwell-Boltzmann Distribation Function for Translational’ 
| Energy 
The wave functions for the translational energy of a particle: 
in-a box is given by the Schrödinger s equation aś i 


2, 2, 8т? ‚ 
ae ta ae = Peet 
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єт is the total translational energy of the particle. Ws, yy and 
{в are the wave functions along the co-ordinates x, у and z, 
Admitting separability, the wave function for one component, 
say in the x-direction, may be written as 


а? Ie —8 2. 
т = в h 
The solution to this equation has been found to be * 
OR qna? 
«= ml +. (A) 


where nz is a positive integer (not zero) and is called the transla- 
tional quantum number in the x-direction, 

Extending this treatment to the other two directions, the total 
‘translational energy would be 


cM рут үз »y 2)] 
“= oa [(2) +(¥ +E ЛЕ 
where a, b and с are the dimensions of the box in the three directions, 
and nz, пу and nz are the respective quantum numbers, 


To simplify, suppose the box be a cubic one with each side 
'equal to ‘a’, Then. 


2 
“т = руга mg + yt + m) TERO) 


The translational quantum numbers taken as unity would give the smallest 
translational energy, e, — 3h*/8ma*. Yt is indeed extremely small and of the 
order of 107% cal/mole. Moreover tlie energy difference between successive 
levels is also very small. The energy-levels are hence Very close almost producing 
а continuum. pis 


The number of energy states (g) having the same translational 
energy (i.e, same level) is given by those states for which (пг + ny? + 
п?) are the same in a box of cubic dimensions. Plotted in a three- 
dimensional graph only those points for which nz, пу and л„ are 
not only positive but also integral would represent the desired 
"quantum states. dA MAE 

Putting r2 = n? + ny? gs 


: he 
0 ] f т-у Кешн PsC) 
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It is evident that all points in an octant of a sphere which are 
at a radius г from the centre would have the same energy є. 
1 


From (C, 4 = у Gm eide Жору 
(the suffix £r is dropped for convenience of writing) 


If we have two spheres of radii r and (r + dr), [corresponding 
to energy values e and (є + de)], the volume of the spherical shell 
between the two spheres is 4rr?dr. The desired points satisfying 
the .positive and integral values fof the translational quantum 
numbers must be in one octant of the sphere. The volume of 
the shell in this octant represents the difference of the energy 
States dg. Or, 


de = 4x Алт = dr ERO S 
Substituting dr from (D) in (E), 
de = e (E725) (5 eom? eae 
DO AP es o (£) отта 
AR жетед; (ince а= И)... (F) 


The Maxwell-Boltzmann statistics may then be employed 
to determine the translational energy distribution amongst the 
various particles, l 


ng,e-« 
т cn Ld 


where f = translational partition function = (2mmkT)'/* V/W and’ 
В = 1/kT. 

Putting m/n = р, the probability or fraction of particles. 
associated with energy e; 


So, HI rinm 


or dp = -F dn 


334 THERMODYNAMICS 


Since it is necessary to apply this to practically a continuous B 
distribution, it could be generally presented as j 


eB 
dp — —— d 
p T. IS 
21 2me-KV (2т)2/ «дє 
= паь. » (from F and G) 


2eke-«iT de 
~ {Туп 


This is the distribution desired. It gives the fraction of particles 
having energies between є and (є + de). 

This relation can be used to find out the distribution of velocities 
as well. Now 


or dp . (H) 


є = jm? or de = mede. 
` Introducing these in equation H, we have 


2(dmec®)t е-тез[2&Т, mede 


Ue. кА Сс (КТУ? 
1 GNA Nes 
or п We = (mm) ететт, =...) 


This is the velocity distribution between с and (c + dc). 


11.19. The Electron Gas 


The electrons in a metal moving freely are comparable with 
the molecules of an ideal Bas and are generally referred as the 
‘electron gas’, Like monatomic molecules of an ideal gas, these 
electrons would have allowed energy levels with degeneracies for 
their translational motions. It is therefore Possible to find out the 
translational energy distribution in different energy states with the 
help of our statistical methods, The application of М-В statistics ' 
however does not yield satisfactory results and the electron gas 
is found to be governed by Е.Р statistics. Hence any energy state 
would have only one electron, 

The Fermi-Dirac distribution law gives (Sec. 11-17), 

: р gi 
eseBr +1 


= = DENTS } ) 
т Wea ... (11.69) 


where A = es, 
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As in the case of an ideal gas, the degeneracy іп а level of the 
translational energy mode is given-by (eqn. F, Sec 11-18). 


dg = 2хртУ(2т) 4] 


3 /2 
ps Cr dde 2 Q) 


The factor 2 is used to account for the two types of spin of an electron 
leading to two energy states. Since one electron is present in each 
state, the integration of this equation (i) would give the total number 
of electrons. Hence 


А т (8тў? ей 
Га =» =3' LA EA UP dS 


Again from eqn. (11-69) above, 


dei 
du = деч i 


Replacing dg: by dg and dn; by dn for any level and substituting 
.. dg by equation (i), we have the number of electrons having energy 
between e and є + de, 


T (8my?V — dde SC 
da. = 7—]18 Aei Fi EUN ... Gi) 


The integral of this equation would also lead to the total number 
-of electrons. That is, à : ү 


MIS 27 [ n 
T BRANI у. ArI 


Aur (5) 


But the uncertainty of ‘A’ makes the integration difficult. An 
;attempt to evaluate 4 is made with some presumptions, Suppose 
the electrons are distributed, one in each state, from the ground. 
state up to a maximum level. This maximum level up to which 

" electrons are distributed is called the Fermi level and letthe maximum 
translational energy at the Fermi level (called ‘Fermi energy’) be 
«denoted by em. Now em can be ascertained from integration of 
-eqn. (ii) between the limits e = Oand e = em. 
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The total number of molecules, ” 


_ т (тулу | т jÀ 


ne t7 sid le 


2 IP 
o 
2 
or п = 3 i У ent soe (E 
A э. ie 3n 2/3 р 
ie. fm = $m p s (vi) 


It is reasonably'assumed that each monovalent metal atom contri- 
butes one electton to the electron gas, each divalent metal atom 
contributes two electrons to the electron gas, etc. The Fermi energy 
can then be calculated from eqn. (vi). 

For silver, T = 5,86 x 1028 free electrons рег т. Using stan- 
dard values of h and m in S-I units, 


— (6.2 X 10-2 43 x 5.86 x 1028 зз 
mad = 3X9 хури | — 314 — ) 


= 9 Xx 10-19 joules = 5.6 electron-volts 


This is the maximum energy, The average energy can be: 
Obtained as 


[ edn, [ "азд, 


Average = -q = = = Bem, 
t Ta [Pade 


using eqn. (ii). Indeed the average energy of an electron in the: 
electron gas is very high even at оК. 
Now: comparing eqns. (iv) and (у), we have 


3 J е4 ч 
2(є„)5® › Ае 1 =] (й) 


Since de = kTde/kT), this eqn. may be written as 


3 (туз (^ (кту асе na 
2 (£) | дее RRT) =1 ...(viiy 


a ae ee АМ 
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An approximate value of the integrand may be obtained in 
the following way. Let us first assume Aes/kT <1, when the 
denominator of the integrand is unity. On the other hand if «/kT 
becomes larger and larger, the value of the integrand gradually 
becomes smaller and smaller and approaches zero. It would not 
be unreasonable if the upper limit of the integration be fixed at 
(їп 1/A). Any higher value will make the integrand too small. Then 


2 €m AedkT $T 
3/2 
3 (сү. 2 tape = i 
A = e-«mjkT BÀ. (ix) 
Substituting in eqn (iii), we have the desired distribution of energy, 
dn, _ (8m)3/2V а 
de ~ 2h "(е 1) К) 


It is assumed that em > є, i.e., the majority of the electrons have 
energies much less than that of the Fermi level. 

It is obvious from this distribution equation that at 0°K, 

(i) When em e€., the exponential term becomes — « , 


due. v 
hence  -—— varies as є 
de 


(ii) When єт <e, the exponential term becomes + oc 


and hence =f =i) 


d 


Fig. 114. The energy distribution in an electron-gas. 


This behaviour is shown in Fig 114. The figure shows that 
the energy of the electrons is not zero or constant at 0°K. The 
22 
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maximum energy that of the Fermi level is indicated from the tip. 
If the temperature is raised, then a few electrons may pass on toa 
level slightly higher than the Fermi level. The curve would change 
a little as shown by the broken line. 


Problems 
1. Explain what is meant by ‘molecular partition function, f’. Show that 
JIN is a dimensionless quantity. 


2. Establish, from statistical considerations, PV = RT for a mole of an 
ideal gas. 


Гв: Р = МЕТ (2), = МТ ow |. 
when $ = frot ub - (к 


3. Estimate the entropy of CO gas at 1 atm and 27°C. Given moment of 
inertia, J = 14.6x 10-** gm. cm? ; symmetry number, с = 1; wave number, 
w = 2170 cm? [Ans. Ssoo-K = 47.3 cal/"K-mole] 


4. Show that in an ideal gas mixture containing n molecules of the i th type, 
ш = RT In fni) 
[Hint : Since Z = fN/(N,!), hence for the ith type of molecules 
Z-—fi[n)! ог mZ = n Inf; — in (a) 
CINE 
дт I ry n; 
At const. volume and temp. (ĝln fi/ðn)r,y = 0, hence 
(Ô 1п2/Әп)т,у = ln (filni) i ) 
But p= ld == э (nkT InZ) L — nkT In & 
= —RTIn(filni) 


5. At25°C and 1 atm., calculate the translational partition function of a mole 
of butadiene (М = 54). Ans. 94 x 10° 
6. The internal energy (U) ofa gas is found to be proportional to its absolute 
temperature. Show that its partition function, Z = AT°IR where A and C 
are constants. 
_ 7. In the standard table of entropies, the absolute entropy of He (T=298°K, 
P = 1 atm.) is given as 30.126. How would you check up its correctness? 


© ), Xs fj — inm 
T.V 
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8. Show that at very high temperatures, the ratio of vibrational partition 
function to temperature (fvib/T) of a given diatomic molccule is a constant. 
Also show that the ratio is inversely proportional to the fundamental frequency 
of vibration. 

9. The normal vibration of H,O molecule in wave number is 1595 cm~. 
Show tbat at 500°K one per cent of the molecules shall be in the first excited 
vibrational energy level. 

10. For Nitrogen, the fundamental vibration in wave dee is found to be 
2360 cm. Calculate the enthalpy function (H7°—H,")/T for the gas at 1000°C, 

t гроза Ја \ 5 Ans, 7.188 cal/mole-deg. 
[Hint. (Hr^—H,?)T = UJT + R, for Н = 0 i 


СД 
Then show U/T = kT ar” 2 


д Ve SmKT  e-Wol2kT 
кт аш КОЛЛЕ ES Tu dcm] 


Nh 
GI) R-- ст? (+ + ==.) 
Next proceed to evaluate.] 


11. The frequency of absorption band’ for CO associated TM its vibrational 
transition is 6.51 х 10" per second. 


(i) At what temperature does kT become equal to the energy of this 
vibrational transition? 


(ii) Calculate the fraction of CO molecules in the vibrational level 


1 


v = 1аї 27°С. 
Now е = hv = 6.63 x10-*4 (7-5) x6.51 X 10 s- = 4.32x 10-397 
Hence, the temperature where kT = є, is (k = 1.38 x10-*J) 


T= є] = 4.32 х10-2%/1.38 x 10- = 3,12 х10° °K 


Also, ich = 4.32x107?/(1.38 x 10-3) (300) = 10.4 
e-tlkT e „4 
Therefore 


Xeekr ~ 
s a gren, 
=e - 29x10 


о 

12. CO has an absorption band at 1400 A due to electrenic transition. 
Calculate the temperature at which KT is equal to the energy of the transition. 
Also estimate the fraction of molecules in the first excited level at 27°C. 

[Ans Т = 1.03x10°K, m/n = 7.9х10-14] 

13. Compute the translational entropy of a mole of a monatomic gas at 1 atm 
as a function of M and T from partition function. Evaluate the expression for 
argon at 27°C (M = 40). 

14. Calculate the value of the classical rotational partition function for carbon 
monoxide at 20°C. The internuclear distance,” = 1.1282 A ; the atomic masses 
are С = 12.00390, О = 16.00000. 
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__ 12,00390 x 16.00000 1 


tls —— 1282 x 10-1* 
[Hint : 1 = ш 284 Ris qe. 1:1282 x10 
= 14.49 х10-*% g-cm*/molecule 
fr= ur] [Ans. 7.11940] 


,. 15. Discuss the attempts which have been made to account quantitatively 
for the variation of atomic heat of solids with temperature. 


16. Estimate the translational entropy of gaseous iodine at 25°С and 1 atm. 


Now : m = 2x127 x (1.66x10-" kg) = 421.4 kg 
L atm = 101х10# Nm-t; T = 298°K 
2 T 2.48 x 10% m-? 


Hence, S = (8.32 JK-) In [e*t (2.48 х 10**m y" RT/P)] 
= 8.32(0K 7n (1.94 x 10°) & 178 JK-! mol- 
17. Calculate the Fermi energy for Copper. Assume 1 free electron per atom. 


[Ans. 7.07 ev] 
18, The heat-capacity of Aluminium per g-atom is 4,525 cal at 173°K. 
Compute the characteristic Debye temperature. [Ans, 417°K} 


а ааа а саа аана eee 


CHAPTER 12 
THERMODYNAMICS & RADIATIONS 


In the preceding chapters, the basic principles of thermodyna- 
mics and someimportant relations derived therefrom have been 
discussed. This chapter and those which would follow will be 
devoted to the application of the thermodynamic principles to 
common physical and chemical phenomena. The thermodynamic 
principles have been very aptly employed to the study of energy 
radiation, as will be shown in the following sections. 


12.1. Radiation Pressure 


Electromagnetic radiations are emitted by each body. It is 
now known that the radiations are atomistic in character and they 
are emitted or absorbed as energy quanta hv, where v is the frequency 
of the radiation, These quanta of energy are called photons and an 
assembly of photons is termed the photon gas. 

When radiations are incident on a body, there may be reflec- 
tion, transmission and absorption of the radiations by the body. 
А black body is one which absorbs the entire radiation without 
any reflection or transmission. A perfectly black body must absorb 
totally the whole range of wavelengths of radiation. It must also 
emit radiation of the same character and intensity that which it 
absorbs. Lampblack or Platinum black will be the nearst approach 
to a blackbody. Any closed chamber, say a hollow sphere having 
a small opening at one point, is a perfect absorber, whatever 
the colour inside may be. The rays which enter the hole are repea- 
tedly reflected from the walls of the hollow body and will ultimately 
be absorbed. The enclosure thus behaves as a black body in absorp- 
tion and emission. The aperture of a hallow body will radiate as 
a perfect black body, say, at a temperature T. The emitted radiations 
are the same as those present inside the cavity. It would be our 
problem to find the distribution of the radiations among the various 
frequencies. Before solving this problem, it is necessary to know 
if the radiation has a pressure like a gas with which it is often 
compared. 0 

-Let us consider a cylindrical cavity inside which a portion (say, 
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the bottom) is perfectly black which continuously emits and absorbs 
radiations of all frequencies. The walls!of the cavity are perfectly 
retlecting. The cylinder is fitted with a frictionless movable piston. 
A quantity ofen rgy U is always present in the system at temperature 
T. The system may be compared with a gas filling the space. There 
is one difference that energy density o (— ШҮ) depends only, on 
the temperature T, where as the density of gas is changed with change 
їп volume as well. If the piston is moved out (T, constant), more 
photons would be emitted. keeping number of photons per unit 
volume constant. But in the case of a gas, the number of molecules 
per unit volume diminishes as the volume is expanded. 

Now imagine a photon of frequency v, hence energy hy, is 
present in a. cubic vessel with perfectly reflecting walls of a cm 
length in each side. Since hv = mc*, hence,the mass of the proton 
= Av[c* and its momentum /Av[c. If the photon moves perpendi- 
cularly to two of the opposite faces of the cube, it would be colliding 
with the walls and in each collision the change in momentum would 
be 2hv[c (as the velocity-direction is reversed). 

Between two successive collisions Оп the same face, the time 
that elapses is 2а/с ;' hence the number of collisions per second 
onthe same face would be c/2a, ‘Hence, the net change of momentum 
suffered by the photon for collisions on опе face per second is 


1 22» eon dy s 1 
ло 1 eBagaalsgew 1o упал 
Suppose there are Ñ photons present in the cube, which ate moving 
in all possible directions. On an average it may be presumed that 
1 of the photons are moving along x-axis (зау). Hence, the change 
of momentum suffered by all. photons at one face per second 


ats bod wollod NA i 
потай: 


т The rate of change of momentum which is the impressed force, 


The force per unit area (1 cm?) i.e. the pressure 


Nhy Nhy Nhv 


Pompa cam 
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Since the number of molecules рег ст? is "МГИ —: n(say), so. 68.0) 


| boi tots Ж 
But nhy is the; energy density (p). Therefore 5 | «р 
Р, = $p ү 22:10) 
Thisis true forevery frequency ». Hence, the total radiation pressure, 
Кр AS gas лн caos 


The quantity p/3 represents the mechanical pressure. exerted 
оп а reflecting sutface by the “photon gas’:im equilibrium with the 
enclosed: vessel. It should be remembered that for the radiations 
in an enclosure the energy density depends upon the temperature 
of the walls and is independent of the volume. Ifthe volume expands 
at а constant temperature, more radiation is emitted, so. that. p: 
(energy density) remains unaltered. Y 

Experiments to prove the existence of radiation pressure have 
been made by Lebedew, by Nichols and Hull ала by others.* 

It will be useful to calculate also the energy emitted per second 
per unit area of any black surface. Let there be altogether n beams 
and let the energy density due to any one of them be p'. Half of 
the n beams are moving towards.a given Surface and each of them 
delivers energy ср'соѕ0. The total energy brought up to the unit 
area per sec. is 10 
п (7? | 
з f cp’ cosô sind 40 = }ср'п = tcp si ba a 

KJ t 
where p as usual, is the net energy density of the enclosure. 

In an isothermal enclosure equal amount of energy is carried 
away from the-surface. Again the stream of radiation that travels 
in one direction in an isothermal enclosure is the same as the stream 
of radiation emitted by any black surface at the same temperature. 
Hence, the energy emitted by a black body per unit area of its 
surface, i.e., its emissive power is given by 

Е = {ср. gions (12.3), 


i.e., E is proportional to p. 


* Phys. Rev. 13, 1901 ; Phys. Rev. May 1905; Jour. Asiatic. Soc. 14, 1918. 
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12.2. Stefan-Boltzmann law 

In 1879, Stefan showed empirically from experimental results 
that the rate of emission of radiant energy from a black-body is 
proportional to the fourth power of the Kelvin temperature. In 
1884, Boltzmann showed it to be a consequence of the application 
of thermodynamics, 

Imagine a small enclosure of volume V, traversed jby radiant 
*nergy. The radiation having a definite velocity, the enclosure 
will have a definite amount of energy, U. Then we have, U — pV 
where p is the energy density of the radiation. 

If the enclosure containing the radiation be placed in a heat 
reservoir at the same temperature T'and then the volume is increased 
or decreased, there will be heat-flow from or to the reservoir. 
It is thus a case parallel to expansion or contraction of a gas іп a 
cylinder under similar conditions, This enclosure has also the three 
paramenters P, V and T and the total radiant energy is U. We can 
now apply energy equation to this system. 


dU) „ӘР 
(т),-т( ),-” 
Since U = pV, and Р = jp, we have 


or p = aT*, where a is constant. 2. 0024) 
Now, the emissive power of a black surface, 
Е = {ср = 4caT* = oT* $5.5 (125) 


where the constant o (= 4ca), is called the Stefan’s constant. 

Thus we see that the energy density of radiation within an 
enclosure and the total emissive power of a black body are pro- 
Portional to the fourth power of the absolute temperature T. This 
is generally known as the Stefan-Boltzmann Law. 

The experimental verification of this law has been made by 
а number of investigators such as Lummer & Pringsheim, Muss- 
mann, Muller, Hoare and others.* 


* Sce : Ann. d. physik 50, 259, 1916 3 Zeit f. physiq : 14, 315, 1923. Phil. 
mag. 6, 828, 1928’; 13, 380, 1932, Pnys. Rev., 34, 502, 1929. 
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The value of the Stefan constant has been found to be 
o = 5,67 X10-5 ergs per sec per cm®°K-* 
Some more informations are also available, 
(i) Supposing the photon gas has an entropy S, then 
TdS = dU + Рау = d(pV)+ рау 
Vdp + рау + tpaV 


or ds = т (2), ar + sav 
or, 45 = 4aT*VdT + $aT*dV (from eqn 12.4). 
($7 Qc ват „1. (12.6) 
That is, at a volume V, 5 = £&aVT* su (19:7) 


It means that the energy per unit volume is proportional to 
the fourth power of the temperature (^K) and the entropy per unit 
volume is proportional to the cube of the temperature. 

ii) If the enclosure containing the radiation be imagined to 
undergo an adiabatic expansion, we have 


dU + PdV = dQ = 0 


or ФУ) + 5.47 = 0 
ie., pdV F Vdp + ЕСА = 0 
4N , dp _ 
ай cun uoa со 
or In pV1/* = constant, ie. p.V4/2 =k, ... (12.8) 
Hence, ат“. = ky 
or VI? = constant T5 102.9) 


This relation is useful in the study of spectral’ distribution of energy. 


12.3. Spectral distribution of radiation energy : Wien's Law 

The Stefan-Boltzmann Law gives the relation between tempera- 
ture and the total energy of the black-body radiation, but this does 
not indicate the distribution of energy in the different parts of the 
spectrum. The first notable success in this direction was achieved 
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by Wien with his application of thetmodynamical principles.: Wiems: 
treatment may be broadly considered in the following way : 

(2) Imagine a spherical enclosure having perfectly (but 
diffusely) reflecting walls. The. walls are elastic and. by. moving 
them outwards, the enclosed. volume may be expanded. The 
enclosure is filled up with black-body radiations at temperature T. 
This is achieved by introducing à minute carbon-particle (at Т 
abs.) and the radiation inside comes into equilibrium with the 
black-body. The carbon is subsequently removed. 

(b) The enclosure is then expanded adiabatically by slowly 
moving the walls onwards with an uniform velocity v, such that 
v «€ c, the velocity of radiation. The volume increases by the 
amount AV and the temperature is lowered to 7’, such that 
T—T' = AT. Although the temperature falls, the nature and 
quality of radiation will not change and will correspond to the full 
black radiation characteristic of temperature Т”. This can be easily 
established thermodynamically . 


Suppose the radiation in theenclosure after expansion does not correspond 
to that of full black radiation at 7". Let us also suppose that the radiation of 
frequency v, is more preponderant. and the radiation of frequency v, is less com- 
pared to those of full black radiations at Т”. Introduce now two small bodies 
A and B which absorb radiations of frequencies y, and y, respectively. ‘A will 
be more heated than B. With the assistance of a Carnot engine working between 
A and Blet us convert the excess heat іп A into work until the nature of the radia- 
tions in the enclosure attains the: quality of full black radiations. Due to the 
removal of a portion of energy as work, the temperature will diminish, say to T". 
The system may then be adiabatically compressed to its original volume. The 
temperature will now be less than Т, {ог some energy has already been taken 
away from the system. Moreover, according to our assumption the system will 
not have the quality of full radiation. We can therefore again insert a Carnot 
engine and obtain work to bring the system at full black radiations at a still lower 
temperature. Thus we shall be continuously producing work from a single body 
(the enclosure) by lowering its temperature without maintaining a sink. This 
is against the Second Law. The assumptions made are therefore wrorg. The 
radiations in the enclosure are therefore full black radiations as of the lower 
temperature 7". 


(c) We can now consider the effect due toexpansion of the 
enclosure, The radiations are all moving with a velocity c and are 
incident on the walls. But the walls themselves are receding away 
with a velocity v. As a result there will be the Doppler effect. In 
consequence, the frequency’ of any particular wave will undergo 
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a change. The new frequency will be, when the rays аге normally- 
incident, 
ne ЕЩ 
y' =y ( 1 А ) 


After reflection the frequency will again change in the same way. 
Thus the final frequency is given by, after a reflection, 


We = v (1— Z) = 2) (1-7 F), Gincev¢ o 


2v 16 
AR ги 
а 2v 08A. 2v t E 
E i d MU = =... (since с = Уд) 


The waves in the enclosure may be incident at any angle 6, so that 
velocity v will be effectively vcos@ ; hence 
dA  2vcosó 


^ c 


The enclosure is spherical, the waves will reflect successively after 
travelling the distance given by a chord AB of the circle (Fig. 12a). 
The distance BA is thus 2r cos0. Hence the no. of collisions per 


second is, 
2r cos 
Hence, the total change in wavelength per unit time is 
2vcosó c vA y B 
OD dimos aro MT Fe 
dg 900 D ac шй 
A r r 
(where dr is the distance through which the ^ 
walls move in unit time, i.e., the velocity v of 1 
Fig. 12a. 
the walls). 


(d) But we have seen, p.V*/* — constant [eqn. (12.8)] 

and У = іт; p = aT: (Stefan-Boltzmann). 
Substituting, 

pV48 = аТ* (4nr)l5 = k'r'T* 

Hence rT = constant. 


ог гат + Tdr = 
б l ARA RAAE A 
1.€., fu т 


9m РД м р 
TASSE C F 
i.e., AT = constant = A'T" à. e (12.10) 


The temperature varies inversely as the wavelength during the 
-adiabatic changes of radiations. 

(6) Let us now restrict ourselves only to the radiation having 
wavelengths between A and А + AA suffering adiabatic expansion, 


The work done during expansion = (dp, ad) AV 
The decrease in energy = —AIV.p, day 
апа these two shall be equal. 
Iad AV = — A(V.pydX) 
= —AVp,dd — VAp,dd — Vp, A(dà) 


AY... АЎ _ Am A(d 
or i ГА V 2: à | 
or rd -— AB — AY (since AA changes in the same 
way as A) 
AV. Ap AA _ 
By Nou pem 
or SAA б an = 0* [Since V ос X? ; see footnote] 
t3 


Hence р,А® = constant = ру,'А' 5 


This is the relation between energy density and wavelength of the 
"radiation during adiabatic expansion. А changes with temperature, 


* We have AT = const. and aT* = р. Hence, Арі = const. 

Again p.V$ = const. or р} = y-i ‚ .. eqn. (12.8) 

Hence AV-3 = const. i.e., Voc X? 

ie In V=3ind or AY _ ЗАА 
LÀ a 
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py therefore must also depend on temperature. But p, changes in 
a way such that p,À* is constant, and at the same time А changes. 
such that AT is constant. Hence р,А® must be a function of (АТ). 


So, Pà = АЙАТ) 
or md = ЛАТ) оу 


This is the Wien’s displacement Law, which сап also be expressed. 
in terms of frequency, v. 


Since à fid = — Ld 
Then, Pax) dy = iy (= 2) (= +) av 
or pdv = Вузу "i dv + 0212) 


Wien’s Law will then give us the curve relating p and A for 
any temperature, when the curve for another given temperature is. 
experimentally known. 

Wien’s equation (12.11) may also be written as, 


-— АТ* = 
md = GIDA = AT'FOT) 


[where FAT) = e] 


For temp. Т", p,'dà = АТ” F(A'T')dA 
T 5 
Hence a= (т) 
Pr T 
The radiation density increases as the fifth power of temperature.. 
As the emission is proportional to radiation density, we also have- 


(a) ... (12.13) 


The curve obtained by plotting 
the experimentally determined values 
OfE against Aat a given temperature, 
T, has the form as shown in Fig. 125 ¿f T 
in which there is a maximum. The 
curve for another higher temperature 
Т' can be plotted in such way that 


А УУ: 
each A is reduced by the ratio (7) Re 
(so that AT remains constant) and E, Fig. 12b 
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7 


" 5 
‘is increased by the ratio (7) . If Àm be the wavelength cor- 


‘responding to a maximum, then 
АТ = constant (b) = А.Т’ 
and · E, = constant. Т5 . . (12.14) 


Wien's displacement Law was subjected to experimental tests. 
InFig. 12care given broadly the E, — А curvesobtained by Lummer 
& Pringsheim for different temperatures. The radiations emitted 

‘from heated carbon tube was dispersed by а fluorspar prism and 
the distribution of energy measured with the help of a bolometer. 
Various necessary corrections were of course applied. The wave- 
lengths were plotted in microns (10-* cm) as abscissa and E, as 
-ordinate. The curve corresponding to a higher temperature being 
* always above that at the lower temperature. 

It was found that Wien's Law is quite satisfactory when applied 
*to short waves, but it does not conform to the experimental results 
for long waves and high temperatures. 


THERMODYNAMICS : & :RADIATIONS 351 


12.4. Raleigh-Jeans distribution law 
Lord Raleigh attacked the problem from a different angle, which 
was ultimately given the complete form by Jeans. This treatment 
is based on the application of the principle of equipartition of 
:energy for all the degrees of freedom which might be assigned to 
radiation. 
When a string of length Д, fixed at both ends, is subjected 
io vibration the standing waves can have only certain definite 
values of wave-length А, represented by the relation, А = = 
where n is an integer. 
„i Instead of a string, we consider now a. two dimensional vibrator, 
say a square with sides of length L. Let n,, na be the modes of vibra- 
tion along two sides of the square at right angles. when the steady 
state of vibration is reached. Both n; and n, shall have integral 
values. If the waves are at angle 0,,to one side and 6, to the other 
«Fig. 12d), then, 
es vua Nata fst at and Cos?6, + Соѕ20, = 1 
Similarly, . for ..a three dimensional 
vibrator, say a cube with each side of length 
| L, let пу, ng, ng be the respective modes of 
vibration along the three sides at right angles 
to one another, when steady state is attained. 
Assume also that 0,, 6, 04 are the angles 
made by the waves with the three sides. 
"Then we have, 


2L Cos6, 2L Сов, 
ny m ША, Ng E еу $* v 
and | Соѕ20; + Gos?6, + Cos?@, = 1 


2 
Hence п? + no? ns? = (5°) 
This indicates a sphere of radius 6). Ny, ng, ng have positive 


‘integral values and must be located in the positive octant of the 
said sphere. Applying these considerations to; radiation (c.— vA), 


we find 
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The possible modes of vibration of frequency lying betweem 
21у 


0 and v are given by the volume of the sphere of radius Tp 


2L _ 475 
с ree 


- de. N = 4x40 ( 
The modes of vibration between v and у + Av in the volume: 
V will be 


4nV 


aN = ~- 


уду ‚2. (0245) 


The modes of vibration per unit volume is ant dv. Applying: 


this idea in case of electromagnetic waves and remembering that 
these waves are independently polarised in two directions at right 
angles the number of vibrations will be double, i.e., 


dy = 57 уду ...@2.16) 


Now for every vibration, there are two degrees of freedom. 
and the energy associated’ with each degree of freedom, from the 
principle of equipartition of energy is 4kT. Hence the energy asso- 
ciated with each mode of vibration is КТ, (k, Boltzmann constant ; 
T the temperature of the radiation). So, the total energy of radiatiom 


per unit volume is 
8 
kT a уу 


This is the same as the energy density of radiation between v and! 
y FAY; or 


EUM er ay 2. @217) 
ГЕ, padà = кта di 77110248) 


This is Raleigh-Jeans Equation. 

When compared with the experimental observations, Raleigh- 
Jeans law is found to hold good for smaller frequencies but fails. 
in case of larger frequencies. It is just opposite to that of Wien, 
which is valid for larger frequencies only. So none of the two- 
relations are applicable through the entire spectral distribution. 
Moreover, eqn. (12.17) shows that the radiation intensity should: 
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increase continuously with increasing frequency, v, at any given 
temperature, This is in complete disagreement with the experi- 
mental results, where the radiation-intensity rises to a maximum 
and then falls sharply with increase in frequency. Raleigh-Jeans 
Law, which is deduced from classical mechanics therefore fails. 
A solution to the problem was ultimately achieved by Max Planck 
(1900). 


12.5. Planck's Distribution Law 


Tt was Planck who finally produced the most satisfactory 
expression representing the energy distribution amongst the different 
frequencies at a given temperature. To determine the energy distribu- 
tion, it is necessary to ascertain the number of photons having 
frequencies between v and v + dv. Considering photon as a standing 
wave, we have seen in the previous section (12-4) that the number 
of standing waves dg; with frequencies between v and v + dv in 
volume V is given by 


Dou Ser vidy (see eqns, 12.15 and 12.16). 


This corresponds to the number of points which lie in the positive 
octant of a spherical shell of radius v and v + dv. 

The photons have been assumed to behave as ‘bosons’, so 
according to the Bose-Einstein distribution law, 


Ей 
™ = у Т» —] 


ог du = да d ‚..@219) 


Substituting the value of 401, 


8r Vy? 1 
dm =. oer ye? - - (1220) 


The energy of a photon is hv ; the total radiation energy between. 
the interval.v and у + dv, would be уат. 
2. Energy density in the given frequency interval is 


њат 


7 рий Р, 0.21) 


23 
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‘Combining eqns. (12.20 and 12.21), 


s 8zv?h 1 
pto T aur ... (12.22) 
Most often, the energy-density is expressed in terms of wave- 
length (A) instead of frequency (у), 


у = СА or dv = —(c/A*)dA 


: 8тйсА—5 
By transformation, р,’ = awr (1223) 
"This is the famous Planck's energy distribution law. The experi- 
mental measurments have fully confirmed this relation (see fig. 12e). 
"The validity of this equation justifies the assumption that photons 
would obey B-E statistics. 


Rayleigh Jeans. 
& Experimental 
Wien 
i 
3 
vo s 
Fig. 12e 


The average value of p (the energy density) is obtained if the 
energy-density (eqn. 12.23) be integrated per unit wave-length for 
values from 0 to =. 


oc 85 ТЕ 
ee | pidÀ = sahe | AS(ehevkr—1) Ф 
ò 0 


Putting hc[AkT = Z and B = hc[k, the ria would be 


= bahe i 1s Z 


ES. sz TZ 
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T Í F 73 4 
ш J a dZ = 15 hence 


‚ Втҷит)ь _ 
Г. е Ber vale „+. (12.24) 


That is, Stefan-Boltzmann law is a consequence of the Planck’s 
distribution law. And 
8л 5k* 


a= oe ‚.. (12:25) 


Putting the values of k, с and h, the constant a is found to be 
а = 7.5 х 10-15 dyne-cm/cm? (^K)* 


Notes : We may consider some special cases for equation (12.23). 
(i) When frequency is very large , i.e. Ais very small, ch/A >> KT, then 
the Planck's equation would be 


8тһс 
Ру = > en ch/ MKT 


Af, QT), 


which is indeed the Wien’s Law. 


(ii) When the frequency is very small, i.e., Ais very large ch/A<kT, the 
Planck’s equation may be written as, 


= 8zkT А 


This is the same as Raleigh-Jeans law. 


Problems 


1. How would you justify that Bose-Einstien statistics is applicable to 
“photon gas’? 

2. Deduce Stefan-Boltzmann relation from the Planck Distribution Law. 

3. Estimate the entropy of black-body radiation at a temperature of 1000°K. 


CHAPTER 13 


CHANGES OF PHASE 


The study of changes of phase of substances, such as vaporisa- 
tion, fusion, etc. is primarily based on thermodynamic principles. 
‘We shall consider in this chapter the application of thermodynamic 
laws to different types of phase-changes. 


13.1. Clapeyron Equation 


There is a correlation between the pressure and the temperat ure 
at which a phase-change takes place. This relation can be derived 
as follows. 

(i) Suppose a pure substance is present їп а system in two phases 


Aand B. Letthe molar free energies in the two phases be G4 and Св. 
Then, at equilibrium, (eqn. 10.1), 
78, = 8 
If the temperature is changed by a small amount dT and the 
System adjusts itself to a new equilibrium by a small change of 
pressure dP, then for the new equilibrium state, 
Ga + dG4 = Gs + аб» 


“. dG4 = dp 2s (1311 
Since dG = VdP — SdT, we have for the two phases, 
абл = V4dP = баат апа абв = вар 57 ват 


where V4, Va аге the molar volumes and S4, Sp are the molar 
entropies of the substance in the two phases. The equation 13.1 
now transforms to 


VadP —S4dT = VadP — SpdT 


А Р теде 
1 dT  Vs—Va4  (Va—Va) 
or ар TAS 


se ee T KC iae 
ат  T(Va—V4) (Ува) 


CHANGES OF PHASE 357 


The heat-change q in this case is the latent heat of the phase- 
change, i.e., 

dP L 

n s Т(Ув —V4) аа 
where L = molar latent heat. This relation is applicable to апу 
phase-change. Vg is the final and V4 is the initial volume, This 


relation can also be derived in other ways. 
(ii) From Maxwell’s relations, we have 


(57), = (89) 
8T]y = \0VI 7 
When two phases are in equilibrium, say a solid and a liquid 


or a liquid and a vapour, the vapour pressure is independent of 
the mass and, hence, of the volume. Therefore, in such cases, we 


may write, 
pe a 
aOTly dT 


Further, if we consider the latent heat of the change, L, as 
nearly constant and independent of temperature, we have 


(28 1 (д0 L 
Әит Т\Р]: T(Vg— V4) 
dP L 


THE c voiles pay 

As before : the same relation is obtained. This is called the 
Clapeyron equation. j 

The sign of ЯБ depends on the signs of L and AV. Thus, 
if L is positive and Vg> V4, there would be a rise in pressure with 
increase in temperature. In the evaporation of a liquid these condi- 
tions prevail, and as such, the vapour pressure increases with rise 
in temperature. In the melting of a solid, Г is positiveand if V1> Vs, 
melting temperature would increase with pressure as in the case of 
paraffin. But if V; < Vs, higher pressure will lower the melting 
temperature, as in the case of ice. 

This relation would also apply to the transformation of one 
modification of a solid to another, say e«-sulphur to f-sulphur ; 
L would, of course, mean the heat of transformation. 
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13.2. Clausius-Clapeyron Equation 


The Clapeyron-equation may be simplified in the case of 
yaporisation of a substance. In such a case, the relation is, 


ант, І, (Vg = volume of gas, 
dT  T(V,-Vi Р, = volume of liquid). 


Since V; << Vy, so approximately, 


ар Ju а а ыт ду s LP (for one mole) 


assuming the vapour to behave as a perfect gas. 


PT LEA 1.4033) a 


5" Рат ~ RT? 
dinP L 
or or "xm 2. (13.4) 


where Lis the latent-heat per gm-mole. 

If we further assume that the latent heat practically remains 
constant in the temperature range Т, to Ts, the integration of this 
relation gives, 5 


L ў 
InP = RU С; (const.) M. (13.5). j 
{np 
1 
ут 
Fig. 13а 
Р, Lr1 1 
о Бр л =" ТУ Ее Ka 
т In Р, RIT, т) ... (13.6) 
‹ Р Dip дө Т 
ie., log Б = TIRIN nt . (13.7) 
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It is needless to mention that this relation is also applicable 
to sublimation processes where L would be the latent heat of 


sublimation. 
The equations (13.3 ~ 13.7) are the different forms of Clausius 


Clapeyron-equations. 


Problems : (i) Calculate the freezing temperature of water if the pressure 
be increased by one atmosphere. (Latent heat of fusion = 80 cal/gm) 


AP L 


in М „ы sais ааг 
йв AT Ies Vya) 
у L APT Vico- Vuna) _ 13.6981 X76%273 X.09 _ i 
linca L —(80x4.2 x 10") КО 


(ii) Calculate the specific volume of ether-vapour at its boiling point (35°С), 


Given L = 86 cal/gm, z = 27 mm and density of liquid ether = 0.7 gm/c.c. 
dP L 
We know, ar - TO Vò 
or 2:1: ек DE al aes ; 
(273 + 35) (v, шга 
whence, Иш = 322 с.с. 


i.e., the specific volume of ether vapour = 322 с.с, 


(ii) Under what pressure will water boil at 98°C? (7 = 536 cal/gm) 
Using equation (13.3), 


L.P 18x536 ] y 
АР = Rot = | тя х 760 х (—2) | mm 54 mm 


Hence, water would boil at 98°C at 706 mm pressure. 


(iv) The densities of а- and В-ѕшрћиг are 2.00 and 1.95 respectively at their 
transition temperature, 96°C. The transition temperature changes by 0.036* 
for every atmosphere rise in pressure, Find out the heat of transition. 


LS жн; 
AT Тр У) 


АР ир". [ s zl 
or AH АТ T(Vg— Va) 0.036 x (273 4- 96) 195^ 200 C.c,"atm. 


= 3.16 calories per gm 
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13.3. Trouton’s Rule. From equation (13.5), for the vaporisation 
of a liquid, 


nP = — m + C,, (for 1 gm-mole) 


If we consider the liquids at their boiling temperatures Ty, 
then the pressure P will be one atmosphere (i.e., Р = 1). 

or ў = RC, = С (constant), 1922, (13,8), 
where /, is the molar latent heat of vaporisation. 

Trouton had made this important generalisation from experi- 
mental observations and stated that the ratio of the molar heat of 
Vaporisation to the boiling temperature is a constant for simple or 
non-associated liquids and the constant is approximately 21. In other 
words, the molar entropy-change on vaporisation at the boiling 
temperature is constant. In Table A below are given the entropy- 


changes of vaporisation for some liquids at their boiling-tempera- 
tures. 


TABLE A : MOLAR ENTROPY-CHANGES OF VAPORISATION 


| Substance B.Pt (°С) 5 Substance B.Pt. (*C) A 


n-Hexane 08.7 20.28 | Hydrogen bromide — 67 21.0 
| n-Heptane 98.4 20.61 | Hydrogenfluoride 104 16.0 
n-Octane 125.6 20.96 | Oxygen —183 18.0 


| Benzene 80.1, 20.81 | Nitrogen —196 17.3 
Toluene 110.6 20.85 | Hydrogen —257 15.61 
0-Xylene 1444 21.07 Water 100 28.7 
m-Xylene 139.0 21.10 | Ammonia +33 24.2 


p-Xylene | 1384 20.95 
Carbon disulphide 46 21.0 
Hydrogen chloride —85 21.7 


Zinc ~ 907 23.5 
Cadmium 767 22.9 
Mercury 357 22.4 


It is observed that Trouton’s Rule fails for liquids which are 
associated and also in the case of low-boiling or high-boiling liquids. 
Hildebrand modified Trouton’s Rule and suggested that molar 
entropy-changes should be compared at temperatures when the 
уарошз are in equal concentrations and not at unit atomosphere. 
‘Arbitrarily, the concentration chosen was 0.005 moles per litre, the 


entropy-change per mole, AS — ed where 7, is the temperature 
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having the aforesaid concentration. Table B gives the values obtained 
on this basis. 


TABLE B: ENTROPY-CHANGES (HILDEBRAND'S RULE) 


Substance Substance 


Oxygen ` А Zinc 


Nitrogen 4 Cadmium 
Hexane ^ Mercury 
Benzene 

Octane d Alcohol 
Carbon tetrachloride 4 Water 


A more satisfactory relation has been developed by Kistiakowsky (1923) 
in the form 


AHn 
n 


= 875 + RinTn a. e (13.4) 


where Л.Н is the latent heat of vaporisation of a liquid at its normal b. pt. Tn. 
A useful empirical relation: van der Waals proposed a quite satisfactory 
empirical relation between vapour pressure Р and temperature 7, in the form, 


zu a Te) 
logs = k (: ‚7 „зе 03.10) 


For many liquids, k is found:to be approximately 3.0 and is taken as a universal 
constant. 

1f this relation be applied at the normal b. pt. Tp of a liquid, the vapour 
pressure is P = 1 atm. ' Р 


Непсе log р, =k (1-7) 


Ty k 


о T, ^ K+ log P, 


For most substances, log Pe = 2 ; hence taking k 23:0, 


This is found to be valid for many substances. 
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13.4. Dependence of Vapour Pressure on total Pressure 
The equilibrium between liquid and vapour is usually observed: 
in presence of the atmosphere. It is interesting to find out whether 
the presence of air has any effect on the equilibrium vapour pressure. 
Let P = total atmospheric pressure and p = partial pressure 
of the vapour in the gas phase above the liquid at equilibrium. 
Since liquid and its vapour are in equilibrium at total pressure- 
P and temperature T, then the molar free energy, 


бы» T Сиа 
But the free energy at the gas phase at constant Т and pressure pis. 
given by 


бы = б + RT np 
where Gg, is the standard free energy. 
RT inp = Gia = Ga: 
— биа Chas 
Кіпр = T o T. 


Differentiating this relation with respect to the total pressure P at 
a constant temperature, 


лг) Жа, (= 
r( ӘР ]. T V OP )r RAER YA i 


as Gà, is constant. 
Further, we know, (3G/3P)r = V, hence equation (13.12) would be, 


ake) _ Piua 
ЭЭР RT 519 (13.13) 


Vi is the molar volume of the liquid. 
The change in vapour-pressure with the change in the total 
pressure (P) is usually very small. 


13.5. Clausius Equation 


So far the latent heat for the change of phase has been assumed 
to be constant in small ranges of temperature. But when the tem- 
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perature-changes are large, the latent heat alters appreciably as. 
shown in Fig. 13.5. 

In a change of phase, if S; and S; denote the entropies in the 
initial and final states, then obviously S; — 5; = L/T, where Lis 
the latent heat of the process. 


That T ӨЮ 
т\т) ae ae 
ат ат 
14 І ds; d 400 
от = = 


a dL L ite TdS; Та; 
Als E ат ат 200 
If С; and С; be the heat-capacities 
in the final and initial states, 
under saturated conditions, then, 


db 
dT 


0 .100 200 300 40 T'C- 


L 
атт т Fig. 135. Variation of latent heat of 
. (13.14) vaporisation of water with temp. 


This is known as the equation of Clausius and it gives us the varia- 
tion of latent heat with temperature for any process involving a. 


change of phase. 
The equation can be modified also in the following fashion. 
We have, from the TdS equation (7.3), 


Tis = dO = C,dT — T (2 


ar). 67 7 (rl, еМ 


The suffix ‘sat’ denotes equilibrium between two phases, in satu- 
rated states, such as the liquid and its saturated vapour phase. 


Hence, Ca = Ce —T (22), (бт). 


С, denotes the heat capacity of the vapour in saturated state.. 
Substituting this in equation md 


д1, 


ar Lc Сы — Coat, 
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= г" ле [6-7 (52) (7)..] 


-[e.-7 т Р ar) ail 


d Co, - Cat (27 ul РА кү: (22),] 


L L flav; av 
-Ra C5, — Cs — уу] эт], or 219 


A few illustrative examples may be taken. 


Problem : (а) Find out the variation in the latent heat of fusion of ice with 
| temperature. Given, at 0°C per gm. of the substance, L = 80 cal сег V water: 
| = 0.09 c.c. ; Sp. heat of ice = 0.505. 
1 p Volume coefficients of ice and water аге 1х10—* and —5X10-* per °С 
Tespectively, 


н дБ, Т L [ ду, гы] ] 
ше әт E T ih Cr» * Сте Vy— Vice "er P or 1 


_ 80 80 уЗ ar, 
- mitt 0.505 + 5 [—s x 10 1 x 10 ] 


= 0.65 cal per gm. per degree 
(b) Heat-capacity of saturated water-vapour. t 
Calculate the heat-capacity of saturated water-vapour at 100°C» ‘The latent 
heat of vaporisation — 540 cal/gm ; a = —0.64 ; and the heat capacity of 
water at 100°C = 1:01 cal/gm, ` ` 
By equation (13.14), 


aL .L 5 
Csatvap, = OT T Оне = 06е а R hon 


= —1.07 cal. per gm. per °С, 
The result is negative and may seem surprising. But this is 


: ү | Y dU ау 
uite possible, T' t = WI pad 
quite possible, The heat capacity, С a + Р dT 


The first term is positive, but the second term would be negative 
when the vapour is to remain saturated. Suppose we have a quantity 
of saturated vapour to which heat is supplied to raise its temperature. 
"Unless the vapour is compressed, the vapour would not remain in 
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saturated state, i.e. dV is negative. The heat of compression exceeds 
the heat to be supplied and as such unless heat is removed, there 


would be superheating. In the cases of water-vapour, pr is 


negative and greater than d hence Сш is negative. In those cases 


where the work of compression is less, Сш would be positive. 


(c) Calculate the heat-capacity of saturated benzene vapour. The latent 


| ђ dL 
heatofvaporisation = 95 calories per gm ; aT 0m 0.12 cal.; b.pt. = 80°C, 
sp. heat of liquid = 0.48. 
OL L 
= ~--= = — 012 — ——— + 0.48 
Csat aT T + Ci 0.12 373-180 7 


= + 0.09 cal. per gm рет °С. 


13.6. Vapour Pressure Equation : Chemical Constants 


The vapour pressure of substances in the condensed state— 
solids or liquids—especially at low temperatures can be obtained 
with the help of the Clapeyron equation. At low temperatures, the 
vapour pressures are quite small and are supposed to behave ideally. 
For vaporisation, the enthalpy change is really the latent heat of 
vaporisation. So, with the help of Kirchhoff's equation, we have, 


m 
Lr — Ly = AHr — AH, = | ACpdT 
о 


T 
or Lr = Lyc [ (Cog — Gre) AT c (03346) - 


0° 
where Cp, and Cp, are the heat capacities of yapour and of con- 


densed state. 
Now, from Clapeyron equation, 


T т 
Tet: [ qua - | Cp, dT 
0 


dT R ЕТ? 


Integrating, 


L тт x Tom T. 
ars ia | m ar- | nA C,, dT + Z, (const.) 


° 
+e A317)» 


e 
e 
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Now, if we assume ideal behaviour for the vapour and if the 
vapour be monatomic (which is true in the case of metals especially), 
Cp, = (512). 


T T 
=: per 
LII. арт — | Cp dT+Z, 
InP = priser RT Р.Т + 2, 
9 o / 
x Рат 2 
= —7% +8 = crar- | агъа 
or InP RT + $n гең] Р, ) DS 1 


“Expressing the pressure in atmospheres and converting into 
Briggsian logarithms, 


T 
I. 1 J аф 
NS? NS He is T 
logo P= — 5303 Rp! #1089 T+ XT JO 


T 
1 J 2, 
мл ЖЫ 20 014 x 10° 
TART ) Cp,d In T + 4308 log (1.01 ) 


“Putting 2,/2.303 — log (1.014 x 10%) = i (constant), 


T 
aidit uj gel f 
logi, P = 5303 Rr $ logo Shir ce | Cp, dr 
1 F 
ae] Crd nT +i +. . (13.18) 


0 


‘where iis called the vapour-pressure constant от the chemical constant. 
It shows that the knowledge of the chemical constant with some 
‘thermal data would enable us to calculate the vapour pressure 
of substances at very low temperatures. The chemical constant 
values of many substances have now been determined accurately, 


T 
"This, of course, would require the knowledge of | Cp, dT and 
0 


т 
f Cp, d In T. Usually Cp, isdetermined at different temperatures 
v 


‘starting from the absolute zero (with necessary extrapolation) to 
ithe temperature as required. The C p; Values are plotted against 
T and the area. under the curve up to T-axis gives the value of 
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Cp, dT. Similarly, plotting Cp, against log;, T, the values of 


(2 


T 
Cp.din T are also found out. Now, ron equation (13.18), 


c 


т T 
1 1 Í 
P. E LET x Pu teg i 
logg,P—$ og T m Св, + 5305 R J Сега 


itis Lo 
~ 2303 RT iis 


‘Poltting the expression on the left-hand against 1/7, a straight 
Hine is obtained, the intercept gives the value of і and the slope = 


—L»[2.303R (Fig. 13.3). 


T T 
ЧЕ (Coy | =. и ji 
72 рс IR Cpedin T 


logp-5/2 log T-É 


Fig. 13c. Determination of vapour-pressure constant 


When a high degree of accuracy is not required, some empirical relations 
sare often used to calculate the vapour pressure in place of equation (13.1 2), such as, 


(i) nP = A- 2 + Cin T (Kirchhoff, Rankine, cic.) 


L b , 
(ii) log P = — 20d 175 logaT — BT +i 


713.7. The Entropy and the Chemical Constant 
It is also possible to obtain a relation between the vapour 
-pressure constant and the entropy of a substance. 
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Suppose we start with a gm-mole of a pure solid substance at 
absolute zero and finally convert it into vapour at a temperature T 
under a standard pressure P, (usually one atmosphere). Let us 
calculate the entropy-change of the transformation. 


T 
Firstly, the solid is heated from 0° to TK, AS, = [ Cp, dinT 
0 


Secondly;the solid is vaporisedat Z?K, AS, = i 


Finally, the vapour is changed from its own vapour pressure 
P to the standard pressure Py, AS, = R ing 
Hence, net entropy-change, y 


Sp. —S, = AS = AS É! AISS49 AS, 
(gas) (cond) 
T 
А L P 
i.e., AS — | С„атт + T Ring 
P 
or кир --у-[ Cp, din T + AS 
9 


T 
r+ | en dts [ o ar 
0 9 ial 


г. | Cp, d In T + AS 


zone Beef enero” 
Since, P, = 1, In P= RT RT] Cp, атр Cp, dT 


T 
1 m 
se C», din T + н 


PU 
Sus а +m оа |" С», dint + St Se 
[^ Cp, = $R 
ЕАД) 5 1 
Hence, logio P = — ARE — 550303 + TRT Х 


И, 
gal: 
J ue 7303 R Cr din T+ 505. К. (13.19) 
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Comparing equations (13.18) and (13.19), 


ED SEU) Ow 
232303 Т Rx2303 ^ $ VET t i 


or BAE a E a ad Oe 
From the third law of thermodynamics, Бо = = 0, 

i.e., entropy of a pure solid at 0°K is zero. 
Sr=§R+$R х 2.303 logyT 24-2303 Rx i... 1. (13.20) 
The knowledge of chemical constant thus predicts the value 

of entropy of a pure monatomic vapour. ' 


The statistical expression for entropy (Sec. 11.9) for a monatomic gas at 
temp. T and pressure = 1 atm, 


i 312; 
Sr=§R+§RmT+ Rin oe 


We may compare with equation (13.20), when 
(2aMkT)**k 
N?! hè 
The values of і determined from vapour-pressure formula and calculated 
as above show remarkable identity. | 


i = 10р10 


TABLE : VAPOUR PRESSURE CONSTANTS (Р in atm.) 
i (calc) i (obs.)] Gas i(calc) i(obs)| Gas i (calc) . і (obs) 


He —0.68 —0.69 | Zn 1.136 1.26 Na —0.175 —0.19 
Аг 0.81 0.83| Cu 1.11 1.40 о, 0.53 0.57 
Na 0.7557 0.78) Hg 1.87 1.99 Cl, 1.35 1.74 
K 1,02 1.13 | Cd 1.49 1.57 I, 2.99 3.10 
Mg 0.49 0.49 ^ ТІ 2.18 2.40 HCl  —042 —0.43 


The observed and calculated values of entropy are also the same. 
TABLE : ENTROPY VALUES OF MONATOMIC VAPOURS 


Gas Zn Mg Cn 
S (Calc.) 38.4 35.5 39.7 
5 (Obs.) 38.5 35.3 37.8 


13.8. Second Order Transitions : Ehrenfest Equations 
The phase-changes commonly met with such as sublimation, 
melting, vaporisation etc. are termed ‘first order transitions’. These 
changes of phase are always associated with an abrupt change in 
24 
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volume and in ‘entropy at the point of transformation. At equili- 
brium, however, when transition occurs, the Gibbs potential G 
remains unaltered. We have therefore the following criteria for thé 
first order transitions ; the suffixes i and f denote the initial phase 
and the final transformed phase. 


(a) б, = б, O) и-и #0 
Since dG = УАР — SAT, 
Gr) јәс . ЛЕ, 
then ЭР), - (2р), - no 
(с) S,— 5; + 0 
er), — (38), - suo ШЕ (03.21) 


Graphically these may be represented as in Fig. 13d. 


p | 


T> Tr т, т» 
Fig. 13d. First-order transitions. 


That is, at thé transition point first order derivatives of the Gibbs 
. potential change discontinuously. 

On the other hand, a few cases are known in which when the 
substance changes from one phase to another, no latent heat is 
absorbed or evolved, j.e., there is no change in entropy. Besides, 
during the change there is no abrupt or discontinuous change in 
volume. Such changes of phase are called the ‘Second order transi- 
tions’. Illustrations may be found їп the transformation of 

(a) liquid Helium II to liquid Helium I, at the A-point, 

(b) ferro-magnetic matetial to paramagnetic material at the 

Curie point, : 

(c) super-conductor to an ordinary conductor. 

The criteria for the second-order transitions are 


@) б, = Gi. 
Tu A абу _ М 
ТА 
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(ii) (ar). -UmL- s 


Graphically represented, these would take the form as in 
Fig. 13e. The first order derivatives are the same at the transition 


point. 


Fig. 13e. Second order transitions 


The change of phase is manifest, in the absence of any latent 
heat change, by the abrupt variation in various properties of the 
substance, like specific heat, coefficient of expansion, etc. The 
curves in the figure 13f represent specific heat and density changes 


2 


18 20 22 Т4Т 
T'k r 


Fig. 13f. Transition of liquid Helium 


of liquid Helium from state I to П at the A-point. The -discontinuity 
of these properties at the transition point is obvious, 
In these cases, C;-values change discontinuously, so, 


Fes 95; OS; p °С; pis 0С; 
С 7 (97 ),-7 (ат), (9), Tori], 


9*G; d Gy on Co,—Cy, 


er (Se), — (4), z ‚.. (13.23) 
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Similarly, for coefficient of expansion, 
г (аир тәм 


uus Mia Tle y ar]. 
alt с; IG, 
Иб an) -[5725]- aras] ... (0320). 


These indicate that the second order derivatives of the Gibbs 
potential would change discontinuously in ‘Second order transi- 
tions’. |= i A 

Since Sy — 15, so dS, = dS, when both T and Р vary. 
Now, from the; TdS equation (7.4), HE | | 


TdS, = САТ — а/УТар 


апа TAS; —' Сат — aV TdP 


“dP Cr; Ch 
LE AER TV(aj—aj) 


Again, since V; = Vr, so dV, = dV, when both T and P vary. 


Equating these, l аз (13.25) 


But dv, = (2%) ar + (92) а = var – уар 
i i 


A } 1 
and dv, (Bs) ar toa), ae = «АИ, pyar 
gx } L <.. (13:26) 


à 5 dP ay— 
uating the two relations, 4 _ %—% 
Equating the aT EA E. 013 


The equations (13.25) and (13.27) are known as Ehrenfest's equations, 
and are analogous to the Claus ius-Clapeyron equations, 


` Problems 
1, What is the approx. boiling pt. of water at a place where the atmospheric 
Pressure is 600 mm? (/ = 539 cal/gm) [Ans: 93.4*C] 


2. (d) What will be the vapour pressure of water at 95°C, if L = 
9720 cal/mole 


(6) What pressure would be required to lower the freezing pt. of ісе 
(0 by 20°С? [Ans: (2) 636 mm (6) 267 atm] 
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3. Ty is the normal boiling pt. of a liquid and AT is the increase in boiling 
pt when the pressure is raised by AP (atm). Show that 


AT pA 
Tv . 105 


4. Show that the pressure required to increase the m. pt. of sodium (M = 23) 
by 1°С is 135 atmospheres. Given 
m. pt. of sodium = 97.6°C, density of liq. Sodium = 0.929 gm/c.c. 
heat of fusion = 3.05 kJ/mole, density of solid Sodium = 0.952 gm/c.c. 
5. The normal m. pt. of sulphur = 119.0°C and latent heat of fusion 
4 = 55.2 joules/gm. The densities of solid and liquid sulphur are 2.05 and 
1.81 gm/cc. respectively. What should be the minimum temperature of sulphur 
under the earth’s crust if the molten sulphur is pumped out by steam at a total 
pressure of 6 atmospheres. [Ans. 119.23*C] 
6. Calculate the change in the melting pt. of ice brought about by applica- 
tion of 100 atm. pressure. The volume change in melting is — 1.63 x 10-? litre/ 
mole and the enthalpy of fusion is 1440 cal/mole. [Ans, — 0,75*C] 
7. When one Kg of diphenyl melts (m.pt. 54°C) the increase iv volume is 
95,8 c.c. Its melting point increases by 2.7 x 10-* °C for every опе atmosphere 
increase in pressure.’ Calculate the latent heat of fusion of diphenyl, 
[Ans. 4745 cal/mole] 
8. The sp. volumes of liquid and solid forms of acetic acid are 0.9315 and 
0.7720 c.c./gm. Acetic acid melts at 16.6°С with a heat of fusion 43.2 cal/gm. 
What will be its melting pt. at 5 atm? [Ans. 16.7°С] 
9. The vapour pressures of liquid and solid arsenic are expressed by the 
relations; 
log Pliq —(2.46 х 10))/T + 6.69 
log solid = —(6.95х10%)/1'+ 10.8 
Compute the vapour pressure at the triple point. [Ans. 36 atm.] 
10. The transition pt. of a to f-sulphur is 96.6"C. The specific volumes of 
а and В sulphur are 0.495 and 0.505 c.c. respectively. The heat of transition 
= 75cal/gm-atom. What will be the transition temp. at 25 atm. pressure? 
11. If p, and p, be the vapour pressure of a liquid under total pressures 
Р, and P,, at a given temperature 7, Show that 


ї 


RTin  — ь(Р,—Р)) 
n 


where v — molar volume of the liquid. 

The vap-pressure of water is 23.756 mm at 25°C. What will be the vap- 
pressure at the same temperature, when the total pressure exerted over water 
is ten atmospheres? [Ans. p, = 23.93 mm.] 

12. What is the latent heat of fusion of tin (m.pt. 504°K), if its m.pt. is raised 
by 0.328°C when pressure is increased by 10 atm? The volume-change is 


0.03894 c.c.[gm. [Ans. 1448 cal/gm.] — 


. 
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13. At one atm. mereury melts at —38.87°C and its density is 13.69 gm/c.c. 
The density of the solid is 14.19 gm/c.c. The heat of fusion is 2.33 cal/gm. What 
would be the m.pt of mercury at 1000 atm.? [Ans. —32.6*C] 
14. The density of solid and liquid phenol (m.pt. 41°С) are 1.072 and 1.056. 
~ gmj/c.c. Estimatethechange in m.pt. if the pressure is raised to 10 atm. (ly = 25 
cal/gm). 
15. The heat of vaporisation of cyclohexane (b. pt. 80°С) is 85 cal/gm. 
The specific densities of liquid and vapour are 0.72 and 0.003 gm at this tem- 
perature. Find out tne pressure at which the liquid can be distilled at 60°С, 


CHAPTER 14 


THE CHEMICAL EQUILIBRIUM 


14.1. Equilibrium : The Law of Mass Action 


И is common knowledge that many reactions do not go to 
completion even if favourable external conditions are maintained, 
The reactions proceed to some extent and then they come to a stop. 
A portion of the reactants, sometimes a considerable portion, 
remain unaltered in the system. For example, in the reaction, 

Н, +1, = 2НІ, 

if some hydrogen and iodine vapour be kept at a constant tempera- 
ture in a closed vessel, only a portion of these will be converted into 
hydrogen iodide, and then the reaction would stop. A mixture of 
hydrogen iodide, iodine and hydrogen will remain in the vessel for 
unlimited time, temperature being kept constant. On the other hand, 
if at the same temperature, some hydrogen iodide be taken in a 
closed vessel, a fraction will decompose into hydrogen and iodine 
and the rest of hydrogen iodide will remain intact. The proportions 
of hydrogen, iodine and hydrogen iodide in the mixture will be the 
same finally in both the experiments. When such a stage is reached 
in the course of a reaction that no further action is apparent, it 
is said to have attained equilibrium at that temperature. It is obvious 
that the reaction can proceed either way and the composition of 
the system at eqm. is fixed. The cessation of chemical reaction is 
however only apparent. In fact, when equilibrium is attained, the 
reactions proceed in both directions at equal rates, so that the. 
amount of reactants disappearing per unit time is reproduced from 
the action in opposite direction. The equilibrium is thus really a 
dynamic one, not static. The reactions proceeding in both directions 
are called ‘reversible reactions’. The reversibility is indicated with. 
double arrows in opposite direction. 

A quantitative relation between the amounts of the reactants 
and the resultants at eqm. was developed from a basic principle, 
called the Law of Mass Action, first enunciated by two Norwegian 
chemists, Guldberg and Waage (1867). 

The law states : Ata constant temperature, the rate of a chemical 


376 THERMODYNAMICS 


reaction is proportional to the ‘active masses’ of the reacting substances. 
The expression ‘active mass’ in the statement requires serious con- 
sideration. For ordinary systems as those of gases or dilute solutions, 
which do not deviate appreciably from ideal behaviour, active mass 
may be taken to mean molar concentration. For solids and pure 
liquids, the active masses or concentrations are taken as unity since 
the rate of reaction is independent of their amounts present. 


Consider a reversible reaction А+Ве=с-+ р 
dn Cone: C, €, ^C €; 
Let C'-terms denote the concentrations of the components at 
a given instant during the progress of the reaction. According to 
the law, the rate of reaction (Raz) between A and B at that moment 
will. be i 
0 Rap = КС, .С, 
where kı, the constant of proportionality, depends upon reactants 


and temperature, The concentrations of the reactants (A and B) 
would diminish with the progress of reaction and hence its rate 
"would diminish with time. 

. Similarly, the rate of the Opposite reaction (Аср) between C 
апа D at that moment will be 


Rop = ka C... Ch 

With the progress of reaction, the concentrations of C and D 
“would increase and hence the rate Rcp would increase with time. 
‘A time will come when the rates of reaction in the two opposite 
‘directions would be equal, Т.е. Rup = Rcp. The system would 
then attain equilibrium and there would be no further change in the 
masses of the cómpotients of the System. At equilibrium, let the 
"concentrations be expressed by C-terms (instead of C"). Then, 


iu Кав = Rep 
ог КСА Б k;Cc Cp 
* Cc Cp. k. 
‘or —— са L 
gei Ca C5 Ра Kc (constant) . . (141) 


Kc is called the equilibrium constant of the reaction. 
: The initial concentrations may be varied but at a given tem- 
` perature, equation (14.1) will be valid for any given reversible 
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reaction. Furthermore, the state of equilibrium can be reached 
starting either with A and B or with C and D. 
Tn the case cited above one molecule only of each of the reactants. 


· was involved. In general, let us take an example now with more 


than one molecule of a species entering into the reaction, of reversible 
type, represented as, 


G@4+bB+cC+...2dD+eE+fF +... 


Са Се CT... 


Then the equilibrium constant, Кс = C CR... 


vidi) 

That is, the coefficients in the stoichiometric equation become 
powers of respective concentrations in the expression for equilibrium 
constant. 


142 Equilibrium constant from thermodynamic considerations 

The expression for the equilibrium constant can easily be arrived 
at from thermodynamic considerations, 

Suppose, the reaction, 


aA bB + cC sis dDA-eEA fF... 


Tas attained equilibrium at a temperature T. Let G denote the 
thermodynamic potential or free energy of the system. 

Now, consider a small chemical change in the system under 
"conditions of equilibrium such that the reactants А, B, etc. diminish 
by minute amounts such as aAx, bAx,...cAx... gm-moles. 
Tn consequence, the resultants D, E, etc. will increase by the amounts 
id Ax, e ^x, f Ax, etc. 

By Gibbs and Duhem relation, we can express the change in 
thermodynamic potential of the system, AG, by the. chemical 
potentials » of the components, Thus, 


dG = Xudn = up.dAx-Fug.e Ахир f Ах... — a a AX 
ив. Ax— ees 


At equilibrium, dG = 0, hence 


Bp. AX-Fug.e Ax+ppfAx+ ... = uad AXE gb Ax ў 
д "EROSCINX 5 


or dept epetfirt ... = apa + Bupgt- enc . 25 
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Expressing chemical potentials in terms of activities (a) ; 
(и = ЕТ па + 2*), we have 
d[RT In ap + zp] + e[ RT In ag--zg] + f[RT In ap + zr] +... 
= a[RT In ag + тд] + УКТ In ag + zg] + c[RT In ac 


e ac] E 
or, RT In af, + RT пае + RT In af... — RT Inas— RT Ina’, 
— АТ nọ... 
= ага + bzg + сїс--... — dzp — ezg —fzp... 
= z' (constant) 
aj Хае харх... z : 
D = == 2 t, si 
С KaL zo ЕК" (constant, since Т is 


constant) 


ag xag xap e. 0, 

Therefore, хай KX. LUKE . . (14.3) 
where Ка is the thermodynamic equilibrium constant. It is expressed 
in terms of the activities of the components and therefore it is valid: 
for all systems, ideal or not. 

The activities are related to concentrations as 


а = ух апа а = fc 


where у and f are the activity coefficients and x and с denote con- 
centrations in mol-fraction and molarity basis respectively at eqm.. 
Substituting these in eqn. (14.3), 


aXBXXQXXLX s yhbxyeXyLx.. 

i E ^E iuis 

O ers Re х ET ET оета 
(i) CExXCexCex.. x Јох fai 


AM = Ка... 0451 


In ideal systems, the activity coefficients are equal to unity. 
For practical purposes in approximate valuations, dilute solutions. | 


PORSE ae 
СахсухСех... 


== есе A 
* Constant z = p°, the chemical potential under standard states. 
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orgas-mixtures are supposed to behave almost ideally. In such. : 
circumstances, equation (14.5) may be written as, 
CEXCEXCEX ... 


CaxCRXCEX ... = К, = Kc(say) .. + (14.6). 


It is the same relation as empirically derived in eqn. 14.2. It 
is thus a consequence of the laws of thermodynamics. 

Gaseous reactions. In a gaseous reaction, components are 
usually expressed in terms of their partial pressures instead оѓ” 
maolarities. If the gases arè supposed to behave ideally, we have the 
Activities equal to the fugacities. Further, the fugacities may be 
replaced by the partial pressures of the components, such as P4,. 


Pg, .. v PRAP «eto. 
Then the total pressure, Р=Р++Рв+...+Рьр+Р=+.... 


. 


d r 
аўхах... 


The equilibrium constant, Ка = ———р 7 
раш: constan а ае анхан à 
BXEX... 


Then, in terms offugacities, Ку = ———7—— —— 
gacities, Ку XBX 


Replacing f by P, in ideal systems, the equilibrium constant,. 
Kp, is given by 
РахрРех 
Маран ыа Tap ote 5 
Mm РахРЬХ у «ж Ou. 
Again, assuming ideality, we can express pressures as 
РА CART, Pg = CgRT, etc. 


(CDRT)? x (СвКТ)ёх ... 

киге Kr = (CARTY! X (СВЁТ)?Х... 
C XCX. 
=e xc Sa 


KRT), <.. (14.8). 


in which Av = no. of resultant molecules — по. of reactant 
molecules. It is a relation between the equilibrium constants. 
derived from partial pressure units and from molar concentration, 
units of components. 


UX (АТ)4+е+... ‚-а-... 


ог, Kp 


1 
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The partial pressures can be expressed in terms of the total 
pressure (P) and the respective mole-fractions ; such as, P4 — x4P, 
Pg = xpP, etc. Then, eqn. (14.7) can be changed as, 

_ GoP)! x (xgP)ex . 

= QuPy x P)! x . .. 
ab Xap CS 
(Qa) X(xp)*x ... 


Kp 


x P(dset..—a-b...) 


"Writing K; for the terms within the parenthesis, 
= KPS or Ку = KyP^v  ...(149) 


It should be mentioned here that the value of Kp (or Ke ) is 
independent of pressure and does not change with total pressure or 
partial pressure variations. But the magnitudeof K, would vary 
with pressure except when Av — 0 


14.3. Equilibrium Constants of Some Typical Reactions 
(a) Water gas reaction: H, -+ CO, = H,O + CO 
Starting with equimolecular mixture of the reactants. we have, 
"When x is the extent of H, used up at eqm., 


н, CO. H.O CO = Total 
Moles ateqm.:;  1—x 1—х x х = 2 
1—. 1—7 x x 
Partial Pr. poetae SEN E REN 
arti essures : 2 Р 2 P 2 Р P 
Xp ) 
Py.0 X Pco te ( 2 ha 2р 


Aso a A i lec IL ng ч 
2 Pa, X Peo, (y (0—3* 


2 
“hence x is independent of pressure. 
At 1260°K and 1 atmosphere, the eqm. composition of this reaction is 
“CO, = 214, Н, = 22.9 and CO = 27.8 (moles per Cent). 


Ри,оХ Pco KA (27.8) 


Peo, x Pa,  QLO9x029) ^ 198 


Hence Kp= 


(b) The dissociation of nitrogen tetroxide, NO, = 2NO, 
So, we have, Kp = PXo,/Pyic, 


THE CHEMICAL EQUILIBRIUM 381 


If we start with 1 mole of N,O, and a be the degree of dissocia- 
tion, then at eqm., there are in all (1 + а) gm-moles of gas, of which 
2a gm-moles are NO, and (1—a) gm-moles N;O,. 


[2e/(i+e)? 4a? 

H . Kr 
ea =T [аана] 1ай 
Ви Kp = K,.P4’, (from eqn 14.9) 

Д ^ 
Since, Av = 1,°Kp= xou 
1—a? 


can be easily obtained from vapour-density measurements and hence Кр 18. 
evaluated. 


(c) Synthesis of ammonia : № 4- 3H, = 2NH; 


This is a reaction in which the number of molecules of resultants . 
is less than that of the reactants. Suppose we start with a mixture 
of N, and Н, in 1 :3 ratio in moles and let the extent of chemical. 
transformation at equilibrium be x per mole of nitrogen. Then 


Na H: NH; Total 
Initial moles 1 3 0 = 4 
Moles at equilibrium 1—x 3—3x 2x = 4—2х 


Partial pressures 


AED os {ду ane eT 
ls] 
sito Pam 4—2x Ax 4-23) 
So Кр = Py.Ph, fl- r] Ez —3x а! m 270—239: _ 
4— A 4—2х 
" 64 х? 
If x is small, Кр S pe 


It shows Kp, which is constant at any given temperature, is:. 
determined by the ratio x/P. Further, with increase of P, x must 
also increase proportionately, 

64 
КБны узы кал pul 

for Р Zik. QU Le, P k'x 

This means that with higher pressures, the yield of ammonia 
would be larger. This is a valuable information to the manufacturer 
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-of ammonia. We can also calculate Kc from this, by equation 


(14,8), 
Ke = KART)" = $3 3 (кт)-@-ө = Sr ariPy 


Since volume V = (4— wE ША; 4 T, we have, 
"yon we т] = == 7 
(d) Hydrogen from reduction of steam. 
(i) with iron : 3Fe + 4Н,0 = Fe,0, + 4H; 


wen Kem бывав, (ев, ыы T 
ар. хай,о 48,0 Puo 


Thus the ratio of Рн,/Рн,о is constant, which has been subs- - 
"tantiated from experiment. This means that with increase of steam- ` 
pressure higher yield of hydrogen is obtained. 

(ii) with carbon : C+H,0 = CO--H; 

Pco XP; Ph 
where Ka = асоХан, _,1соХїн„ _ H 
асХан,о Рн,о Pro’ 
(since Рсо =Рн,) 


Hence, Kp = Ра. Le, Py, * Pn 


714.4. Influence of Inert Gases on the Equilibrium of Gaseous 
Reactions 1 
It would be of interest to know if the едт, concentrations of of 
‘the components would alter by the presence of some inert gases 7. Т by 
;gases which do not interact chemically with the components, 


Consider a gaseous reaction : аА +bB =cC+ dD 


Let ха, хв, Xc, Xp denote the mole-fractions of the com- 
‘ponents at eqm. At a constant temperature, the eqm. constant Kp 
‘remains constant (see eqn. 14,9), 


Now Кр = Ку (Р)2" 


on) 
ES 2 p)^v 
e хх (?) 
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Let по gm-moles of an inert gas be introduced into the system. 
‘If n-terms denote the gm-moles of the components, then 


n Ў 
ха = 74 = 4, En = total number 
По tnat Hp nc np Ут 
of moles. 

imi CL VIB EH 

Similarly, Xp = exem b etc. 
p nc|En)* x (np|Xn)* 

Hence K, = (elEn)e x (npYn) x (P)ev 


P? (nal ny x (na]Sn)* 


Гав (yv 
- ES] (2) di 4 


The introduction of an inert gas would always increase Ул. 
The effect may be considered separately in different cases. 


I. When the inert gas is added at constant pressure : 
(a) For a reaction in which Av = 0, (P[Zn)^* = 1. Hence in 


€ хна 
‘such a reaction the first term E 21 of eqn (А) will remain 
os 
unaltered to keep Kp constant. That is, the eqm. remains 
mndisturbed, 

(b) For a reaction in whcih Ay is positive, (P/Xn)^» diminishes 
"with increase in Xn ; hence the first factor of eqn. (А) will increase 
an magnitude to keep Ку constant. This is possible by increasing 
ithe concentrations of resultants in the numerator and decreasing 
the concentrations іп the denominator. In other words, there would 
be more of the reaction. At constant pressure, the presence of 
nitrogen would increase the dissociation of phosphorus penta- 
chloride, 

(c) For a reaction in which Avis negative, (P/2n)4” increases : 
"with increase in Ez ; hence the first factor must diminish to keep Kp 
‘constant, In other words, the concentrations of the resultants in 
ithe numerator must decrease. That is, the reaction will be depressed. 

So, at constant pressure the presence of argon would reduce the 
‘formation of ammonia from nitrogen and hydrogen. 


TI. When the inert gas is added at constant volume : 
If the inert gas is added at constant volume, the total pressure 
-P will increase proportionately with Ул; hence (P/En) will remain 
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constant. Therefore, the first factor in equation will remain un- 
changed to keep Ку constant. That is, the equilibrium will not be: 


disturbed, if a foreign gas is added at constant volume. 


14-5. Some Typical Numerical Examples 


Problem 1. At room temperature and 1 atm total pressure one №0, 
molecule in six is dissociated. Calculate Kp. 


№0, = 2NO; 
1—а 2a , (а, degree of dissociation) 
; 1—a 2a 

Partial pressure at eqm ите) Р TES 
Ao*P'/ü»--a) ^— 4a*P T 
Р(1—а)/(1+а) i-a Ven 
0.167 
_ 4X(.167 x 1 
7 71-0167 


P 


Кр = Pho, [PNio, = 


Here a=} 


= 0.114 


К, 
From eqn (А), а = ( [o aoe у, hence 


if P is very large, a will be negligible i.e. hardly any dissociation would occur.. 


If P is very low, a tends to unity, so that almost complete dissociation would" 
occur. 


Problem 2. In the gaseous reaction, X T2Y—XY, Kp = 2,5'x 10-* 
atm™ at 100°C. Two. moles of Y and 1 mole of X are mixed. What total 
pressure would be required to convert 50% of X into XYs. 


At eqm, moles of X = (1—0.5) = 0.5, moles of Y = (2—1) = 1.0 
and moles of XY: = 0.5. So, total moles at egm = 2.0 

Let total pressure be Р, 

+. Partial pressures are, Py = 0.25P, Py = 0.5Р, Pry, = 0.25P 


Kp = Pry, ОЗА. ЫЕ ы, 
Р, хруї 025Px(0.5P? 0,25р° 


E 1 |! Ж ( 1 P 
id (co Ss 2512395] — 1264 atm. 


Problem 3. At 25°C, 1 mole of acetic acid and 1 mole cf ethanol are mixed. 
At ейт. 0.667 moles of acid have reacted. Calculate Kc, How much ester would’ 


- be obtained if 2 moles of acid were taken with 1 mole ethanol under the same: 
conditions? à 
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Ceser X CHO. — (0.667/V) (0.667/V) — 400 
Саса X Caleonoi (0.333/7) (0.333/V) 


Kc 


In the other experiment, let x moles of acid be transformed, then 


que 


CHCOOH +. EtOH = CH;COOEt + H,O 
[ Conc : (2—x)/V (1—3)V x[V x[V. 
" 2 2 
| . Kc 4 * x 


| ih Tey-  2-3x4x* 


whence x = 3.15 or 0.85. 
| Since the first solution is absurd, amcunt of ester at eqm. is 0.85 moles. 


Problem 4, At 1000°K for the equilibria, 


(i) СаСО, = СаО+ СО», Kp = 40 X 107* atm. 
(i) C+CO, = 2CO, Kp’ = 2.0 atm. 


Solid carbon, CaO and CaCO, are mixed and allowed to attain едт. at 1000°K. 
What is the pressure of CO? 


д асзо X асо аёо Рёо 
Кр д! аа = Pco, А K'p =e OO = —— 
ассо» acaco, co, 


KpK'p = Pico Or Poo = VKPK p = V4x10-* X20 
= 0.28 atmospheres, 


Problem 5. At 1000°C, the pressure of iodine gas is found to be 0.112 atm, 
whereas the expected pressure is.0.074 atm. The increased pressure is due to’ 
dissociation ; I} = 2I. Calculate Kp. Also find out the pressure at which Is. 
will be 90% dissociated at 1000°C. «Ce 


I, 221 Total. Bg IN 
1-а 2a |. le; а — degree of dissociation. Я 


Since pressure is proportional to number of moles of entities of gases ; P/Po 
= 1+ а, whereP = observed pressure, P, = calculated pressure (having no 


dissociation), 
que P—P, 
f P, 
2a i 1—a 
N КИ us campo: 
ЭУ Ru га ET Pi, SE у с f ў 
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[ 2a I 4 (e 

1+а 4а? Р, 

Ea Ge Dra is Р-Р, |: 
EJ m 


"pop == “о = 152x105 
2Р„—Р 
‘When degree of dissociation а = 0.90, we have 


(1a?) = “a (1=0.81) e^ 28 
Р = Кр трі 15.2 x10-* x "AXUSI 9 X107* atm. 


Problem 6. Ammonia in eqm. with 1:3 N.H, mixture at 44 atm and 
350°C is 15% by weight. Calculate Kp. 


IN, dH, = NH, 


100 gm mixture contains 15.gm ammonia, us am N; and? 3 gm of Hs. 
Then, 
( NH; м, Hy Total 
in moles 0.88 2.5 7.5 10,88 
ы 0.88 x44 2.5х44 7.5х44 
has TOR 10.88 10.88 зу 
[0.88 x 44/10.88] 


zu = 6,7х10-% 
[2.5 х44[10.88]# [7.5 44/10.88]ї 


* Problem 7. At 127°C, the eam. constant Kp for the reaction 
SO,Cl, = SO, + Cl, 


is2.4in atmospheres. 6.75 gm of SO.CI, are placed in an empty I-litre bulb and 
the temperature raised to 127°C. What 


would be the pressure of 503, Cl, and 
ЗОСІ, gases? 


Also calculate the pressure of these gases if the Same quantity of SO,CI, 
Were taken into the bulb already containing chlori, 


i inciple, 
In absence of dissociation, the initial pressure (P) of SO,CI, is 
6.75 
Рх1 = 135 *0-082 х(273--127), ог Р = 1,64 atm, 
Pso2X Pcr Роз У 
М№оу ЕРУ a СӘ AR Р; = 
P Pio Р-ро [since Pso, = Per] 
"sos 


Solving:  Pso, = Poy = 1118 atm, Psos t = 0,522 atm, 
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(b) When the bulb already contains chlorine at 1 atm, let the partial pressure 
of SO, at едт, bez. Then, Pen = (7 + 1) and Р;озсњ = 1.64 — m 
_ т(т+1) 
С 16—т 


Solving : т = 0.912, i.e., Psga = 0.912; Pch = 1.912 ; Psoscis = 
0.728 atm. 


= 24 


14.6. Free Energy Change and Equilibrium Constant : 
The Reaction Isotherm 


The free energy change and the equilibrium constant of a 
chemical process are related to one another, 


Consider a general reaction, aA -++ bB = dD + eE 


in which suppose at a given. temperature T and at a given set of 
arbitrarily chosen concentrations (or pressures), a moles of А react 
with b moles of B yielding d moles of D and e moles of E. 

The change in the thermodynamic potential in the System 
due to the chemical reaction at constant temperature and pressure 
would be, 

AG = Gresuttants — Greactants ES dup + ерк — dps — bpp 
where p-terms are the respective chemical potentials. 

Since р = RT Ina +z, 

AG = d[RT In ap + zy] + e[RT In ag + Zg]— 
a[RT In a4 + z4]—b[RT In ag + zB) 


= ЕТІП ut dzp + ezg — dz4 — bzg 
= RT in арх ар Z (constant) 
E. аа х a i 
where a4, ag... etc. are the activities of the components in the 


arbitrarily chosen conditions for the reaction. 

It would be remembered that this relation is valid for any 
chosen state and therefore would also be valid if we start with the 
components in the equilibrium state. Then, using suffix є for deno- 
ting equilibrium conditions, 2 i 


Fontes ахак 
АС RE кез 


+2 -RIhK LZ 
A «B 
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But at equilibrium, ЛС = 0, hence Z = —RT In Ka 


Then for any chemical reaction, the thermodynamic potential 
change, 
asx ay 
аа хаһ 


= —RT Іп Ka+ RT Xv та + + « (14.10) 


AG = —RT In Ka + RT in 


This relation is commonly known as the reaction isotherm. 

When the systems approach ideality, activities may be replaced 
by fugacities or pressures or by concentrations. The modified forms 
of the reaction isotherm would be 


AGo = —RT In Ket RTXv In € (14.11) 
Аб» = —RT In Kp + КТУУ InP a pap І 


The standard states chosen in each case must be specified, 
Theimportance of the isotherm lies in the fact that it can predict 
in which way a reaction, їп а given set of conditions, would proceed. 
In eqn. (14.11), if the arbitrarily chosen concentrations Xy [п С is 
less than In Kc, AG is —ve. a spontaneous reaction would take 
place. If Ev nC be greater than /n Kc, the reaction will not occur. 
In that case if we reduce the con- 
centrations of resultants and in- 
crease those of reactants, the pos- 
sibility of reaction in the desired 
direction would improve. Itis thus. 
that thermodynamics Provides us 
the clue to the knowledge of 
| conditions favouring a chemical 


60 £41 process. 
Fig. 14a. AG versus é, This behaviour.can be schema- 
the extent of reaction tically represented as in Fig. 14a, 


where AG is plotted against the 
extent of reaction (£). The criterion for eqm. is AG = 0, To the: 
right of the едт. AG = +ve, the opposite process willbe favoured, 


To the left of the eqm. AGis —ve, hence the desired process is. 
spontaneous. 


Now AG = —RT In Ка + КТУУ Ina 
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If the reaction is carried out in such conditions that every 
reactant and resultant be maintained at unit activities, i.e., all the 
reactants and resultants are in standard states, then Ev na = 0. So, 


AG? SERT In Ka 419) 


where AG? is the standard free energy change accompanying con- 
version of reactants in standard states to resultants in their standard 
states. The eqm. constant is thus a measure of the free energy 
change of the process. 


Rewriting eqn. 14.10: AG = AG°+ КТУУ па 
.» » (14,13) 


As before, for ideally behaving systems, 


(i) AG = AG? + RT Evin P 
(ii) AG = AG? + RTEvhC 2.04.14) 


Further, for changes іп standard states, 


AG? = —RT in Kp | (i415) 


AG? = —RTinK, 


(the standard states should be specified in each case) 

These relations are of unique importance to the chemist. 

The knowledge of А С° would therefore allow the evaluation of the eqm.- 
constant Kp or Kc . Alternatively, from the experimental values of eqm. constants, 
the standard free energy change can be computed. 


Since AG? = —RTInK 2 (K, the appropriate eqm. constant) 

hence K = e-5C*IRT 2. (14.16) 
Бане As? 

Now AG? = AH'—TAS',hene K—e RT е R ... (14.17) 


It is evident that 
(i) When AG? < 0, ie., AG is negative, К will be greater than unity. 
As AG? becomes more and more negative, K will be larger and larger. 
(ii) The more negative the value of Л.Н", the larger will be the value of К. 
The higher values of K indicate greater extent of reaction to produce the 
resultants. The reaction will be favoured by negative values of AH" and AG? 
and by increase of randomness i.e., positive values of AS". 


Problem 8. At 1000°K, the value of Kp for the reaction 280, + О, = 
2SO,, is 3.5, What would be the thermodynamic potential change if 2 moles of 
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SO, at 1 atmareformed from SO; at0.1 atm and O; at 0.2 atm at this temperature ? 
[Use R in litre-atm.] 


AG 


P'so 
—RT In Kp + RT In ———— — 
Pun P'so, X Po, 


@)* 
"E 4 0890 cal, 
RT In 3.5 + Rh rej 79890 са 


1 


Problem 9. For the reaction, Н, + S = HS, calculate ‘Kp at 25°С if the 
standard thermodynamic potential of HyS is —7.88 Kcal. 


We have AG? = [4] — acr] = [ле] 
HS Ay 5 
= —7880 —0 —0 
= —7880 cal 


AG 7880 
жЕ, log K =i- ЗЕТ" I3x035055 ^ 578 


^ K — 602x10* 


Problem 10. Calculate Kp , for the water-gas reaction, CO +- H,O = 
CO, + Hy, at 25°С. [Use standard thermodynamic potential tables.] 


СО + HO + CO, + Н, 


AG : —32.8 —54.64 —94.26 0 
^ AG? = ZAG = —9426--0—(—32.8)—(—54.64) = —6.82 Kcal 
—6820 


= – —————— = ; = 1. з 
log Кр 235 (1.98)098) 5.025 ; or Kp = 1.0610 


АС? can be evaluated from standard heat of reaction AH® and the entropy 
change AS" (from entropies of the entities from the Third Law). We can then 
utilise eqn. (14.15) to obtain Kp. 


Problem 11. The heat of formation of ammonia (NH;) at 25°C is —11.04 
Kcal. Calculate Kp using standard entropy table given in Section 8.5. 


In the reaction JN, + $H, — NH,; AH? = —11040 cal 
Entropy, (5%) — 1457) 312) ‚в ^ ie. AS = 237 e. 
* AG? = AH*—TAS? = —11040—(298)(—23.7) = —3978 cal 
= 0 
Мон, Tog Kx = AG' 3978 


23 КТ 23x198x298 — 2:92 
or Kp = 8,5103 at 25°C, 
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14.7. Pressure dependence of Equilibrium Constant 


Ata given temperature Kp and Kc are independent of pressure 
but K, depends upon pressure ; from (14.9), 


Kei Ep RUE 
ог In Ky = —ДуУтР.-С (constant) 
din Kx — ДУ — AV 
or 2 | E m ... (14.18) 


Ina reaction where Av — 0, K, also will remain unaffected 
with change in pressure. If Av is + ve, as in the dissociation of 
PCI,, In К; will decrease with increase in pressure. Hence degree 
of dissociation shall decrease. f 

If Av is — ve, as in the formation of ammonia, їп K, will 
increase with pressure ; hence more of ammonia will be formed. 


14.8. Temperature dependence of Equlibrium Constant. 
van't Hoff Equation 
Ata given temperature, the eqm. constant of a reaction remains 
unaltered, but its magnitude varies considerably when the tempera- 
tureischanged. This will beevidentfrom the results recorded below: 


TABLE: EQUILIBRIUM CONSTANTS AT DIFFERENT ' 
TEMPERATURES CR 


Reaction : NO. G2NO| HS = HatS C = 281 


Temp. CK) Kpxi | Temp. CK) Kexi | Temp. CK) Ж 


2000 4.08 750 0.91 00. 1.041079 
2200 11.00 p 1830 (08 позво | 1200! 8702748 10-5 
2400 25.10 1065 11.8 1600 1.29 x 10-8 
2600 50.30 1132 26.0 2x0 — 5.70310: 


A quantitative expression for the variation of eqm. constant 
with temperature can easily be deduced. “Th | 

The reaction isotherm: AG = —RT In Kp + RT Ху nP; 
Differentiating with respect to temperature at constant pressure, | 


jj i ‘A 118ігп07 
ЧУУР REV даР,а 


d(AG) 1" аїтКу быч оз ie o 
AM = —АТ= Rn Kp + RTT 


392 | THERMODYNAMICS 


The term ZvinP is a fixed quantity containing arbitrarily 


Lv inP 
chosen pressures of the components, hence 42972 = 0, 


Multiplying both sides by 7, 


ТАФ. руйт Ко _ pein Ry + RTE» In P 
EAS Ete 2 + AG 
dis | d(AG) 
Hence, dpi a = АС =Т= ots (14.19) 


But from Gibbs-Helmholtz equation, AG—T 8 I MR 
where Ais the heat-change (i.e., heat of. reaction) at temperature 7. 


a еу 


d 
dinKp AH i 
WO c 4.04.20) 


This is commonly known as the van't Hoff equation, which gives the 
variation of Kp with temperature T. 


We know further, Кк. = Kc (RT) 

ог, : In Kp = In Kc + Av In R + Avin T- 
{ dinKp _dinKe , Av 

zs ocv. tm 

Substituting this in the equation above (at const. pressure), 
dinKe _ AH Ay a AH — AvRT AH —PAv 
SPD RTS eR — sR TRS 2. 
dinKe _ AU 
or 47 ^^ RFP -. (14.21) 


E m 
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14.9. The Integration of the van't Hoff Equation 


Theintegration of the van't Hoff equation (14.20) would enable 
"us to calculate numerically the shift of the equilibrium-constant ` 
‘with temperature, 


Now, ii din Kp = 29 ©. (assuming AH as constant) 
or Іп Кр = — A = + C' (constant) ... (14.22) 


Integrating between two temperatures, 7, and 7;, such that 7; 151, 
we have, 


In = ^ lr z] es SET Ed +. (14.23) 


If the reaction be exothermic, i.e., AH is — ve, then the expression 

on the right-hand is negative, hence Kp, < Kp,. It means that with 

rise of temperature, Kp will diminish, i.e., resultants (at equilibrium) 

would be less. In other words, exothermic reactions are not favoured 

by rise of temperatures. If the reaction be endothermic, Kp, > Kp, 

i.e., endothermic reactions would be favoured by. rise in temperature. 
AH 


From eqn. 14.22 ; log Kp = а оз ЕЛ 4 + constant... (14.24) 


1 
A plot of log Kp against proud be linear, and the slope of the curve will give 


\ 


‘the value of AH, as illustrated in Fig. 145. 


12 РЗ ОГ 80 Wr 120 


Fig. 14b 


(а) NH, > 3N,+2H; р (b) S040; 80, 
(endothermic) (exothermic) ! 
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If AH, the heat of reaction, be very small, ñe., AH = 0,asin the reaction 
between ethyl alcohol and acetic acid, In К = constant, i.e., едт. constant does 
not change with temperature. г 


Problem 12. The dissociation constant of CaCO, at 900°C and 1000°С are 
790 mm and 2940 mm. Calculate the heat of dissociation at this temperature- 
range. 


CaCO, = СаО + CO, 


= «co, hence Kp = Pco, = P (say) 


аСасо, 
Kp Ex AH[1 1 
Then In Kp’ ra= [Ek 
790 AH[ 1 1 
Yes Lr ә» ушр шщ = 
" 2940 2 1195 m 6 cat 


` The relation (14.24) is only an approximate one as AH has 


"been assumed constant. It is known that AH often varies consider- 
ably with temperature. А proper integration of the van't Hoff 
equation may now be attempted. 

Consider the reaction, аА + bB = dD--eE 


Now from Kirchhoff’s equation (Sec, 2.9), 
(AE) VE S uer 
| or Р = АС» = VOS Э INE 


or Hr- Аң, = THÉP YI C 


The van't Hoff equation will then be 


d In Kp _ MIT Mi AH, a B УТ 

TOU RD ИЗ СТ IR +... 
m АНЫ Ка ВТ yr: 
ог ИКр= ar + Rett opt Бу ЕЕ. T =... (14.25) 
where Tis the integration constant of the isOchore, " 
`" This is the proper integrated form of the van’t Hoff equation, 
There is no way of direct m 

As such the evaluation of 
The constants 2,B,y, . . . etc. 


, - are available from direct measure- 
ments of heat capacities of th 


€ reactants and resultants at different 
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temperatures, If A Hr, the heat of reaction, is also determined at- 
different temperatures, we can find AH». Thus, thermal measure- 
ments give us the constants on the right-hand side of equation (14.25). 
except ‘P’. 

In those cases, when Кр сап be experimentally determined, the- 
value of J will be at once available from this equation. 

Rewriting equation (14.25), 


Rh, m BÉ атт + бт + Т... + IR 
Ako 
TAE A+ IR 
where 4 = ain T 5T + 


Үт» 

6 Tt 
such that ‘4’ is a function of 
temperature only for any given 
reaction. 

That is, A—R In Kp = An 


—IR ...(1426) 
1 


If we plot(A—R In Kp) against т 
1/T, the slope of the straight Fig. 14c 

line would leadto the value of Determination of J and AH» 
АН, (heat change at absolute 

zero) and the intercept ZR. Thus, both J and AH, can be obtain-- 
ed (Fig. 14.c). 


A—R In Kp 


Problem 13. Given Сры, = 6.5 + 000097 ; Cpg,, = 7.4 + 0.0017, 
Crap, = 6530.0017. 


Write down an expression for AG? for the reaction, }H, + Br, = HBr,. 
in which log Kp = 2.44 at 1381°K and AH, = —11970 cal. 


Now, ACp = Срив, —iCpg, —%СРЬ;, = —0.45--0,000057 
Since ACp = a+T, we have а = — 0.45, B = + 0.00005 
Again log Kp = 2.44, i.e, In Kp = 5.62 

—AH,,« В 
And In Kp = ep LR" opt th 


(see equation 14.25)- 
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11970 , (—45) 
= х2.303 log 1381 
or 5.62 551381 + 2 og 
se 3 x 1381+ 7 
whence T= 29 


AG? = —RTIn Kp = AH,-AT nT T: ART 
= —11970+0,45T In T—0.000025T*—5.8T 


Problem 14. The standard heat capacity, entropy and enthalpy of formation 
are given in cal/mole at 1 atm and 298°K for nitrogen, hydrogen and ammonia : 


Qo 5° AH? 
Ns 6.96 45.76 - 
н, 6.89 31.20 - 
NH, 852 46.01 —11040 


Evaluate the equilibrium constant at 298*K and 773°K. 
“for the reaction, #№, + 8H, — NH;. 


Solution : ACp = 8.52—1(6.96)—3(6.89) = —5,29 cal 
AS". = 46.01—3(45.76) —3(31.21) = —23.69 cal/^K. 
AG’ = AH*—TAS? = —11040—(298)( — 23.69) 
= —3980 cal 
АН" = AH agg + ACp(773—298) = —110404- 
(—5.29475 
= —13540 cal (assuming A Ср remains unaltered) 
TAG" 3980 
A к диана! MAE rado E EN 
ОК —OTSNSRT 7 5303250298 7529? 
Or Kj, = 8.3108 
"Using eqn (14.25), din кт = 2 Н ACp (T—298) ат 
КТ? 
_ АН%»—298/ Cp ACp 
5 ТР" 
К, 773 773 
f ee T ао | па АС» 4T 
R 
LT 298 Ts = 298 g 


На 1 
ог In Kns—in Ks. = — ae ence (aa) + Eon 
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" a eet 
2 ТЇЗ 298 
_ 5.292.303, 773 


2 108208 


or 2,303[log K;;—log Kaos] = 


or log K5,,—2.92 = le zx] —:2.6510g;5--2.65 log 298 


ог log Kms = —244; Le, Kns = 366x107? 


14.10. Computation of Eqm. Constant (Kp) of a gaseous reaction 
The equilibrium constant of a gaseous reaction can be evaluated 
with the help of some common thermodynamic relations. 
For a solid subliming into a gas, 


dinP Ls 
(a) Clausius Clapeyron’Eqn : Sr = RT e 


(5) Kirchhoff equation : 2" = Cr, — Cr, = АС ... (Ш 


І, = latent-heat of sublimation per mole 
ACp! = heat-capacity of vapour — heat-capacity of solid 


T 
From (П), Tat IMS I Acar ... (ID: 
0 


T 
Lso no f ACp'aT 


dinP _ (j 
From (I) and (III), ap ee 
T 
: ACp'dT А 
ye SISO ЖЫЙ АСАУ SAS i ; 
or InP = El RE aT+i o ...(V) 
where i = chemical constant (see Sec. 13.6). 
T т 
T ACp'dT f ACp'dT s 
But 5, dT = — y t ACH ат 
RT? RT RT 


j т i 
(from IIT). nghe] P ar... (Vp 


{ЯГУ ЛЖ 
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“Substituting this in equation (IV), 


T U 
bs dri AGE, ОУ) 
о 


Now, consider a chemical reaction, in the gas phase, 
maA + твВ = mcC + трр, 
in which, obviously, 


_ (Рсу"с (Pp)? 


Ke — (pra (Pays 


(P-terms are partial pressures) 


-and further 
din Kp _ AHS 


dT RT* 


The superscript G will be used for gaseous state and S for solid 
state, AH? is thus the heat of reaction in the gaseous state. 

This van't Hoff equation is similar to that of Clausius-Clapeyron 
equation. By following the same steps as in the equations (1— V1), 
"we can write 


© T ACY 
Ink, = — AP ("ACE т <- (VD 
0 


"where J is the integration constant of the уап' Hoff equation. 
From Kirchhoff equation, we can say, 


(АН 
като = ACE = mcg mpCp, — тас — maCg, 


where Cg -termsare the respective heat-capacities in the gaseous 
-state, ' 
Let us now consider the same chemical reaction carried out 
in the solid state at the same temperature, that is 
m4AS + твВ5 = тС + mpDS 
We may imagine that the solid reactants are first vaporised and 
after the reaction, the resultants are condensed back to the solid 


‘state, the thermodynamic potential change would then be given 
iby (vapours assumed to behave ideally), 


Top" 51 
Өз RT In LASER 
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'\РесхРрр 


= In 
PMA X PU"g Кы xP" T 
PU схРор Pec xP go 
TART in gis xPO". Рта x P" 
4 B A B 
PU cxP" p i 
= RTIn PU x pong RT In Kp 


"where P°-terms are the vapour pressures of the solids and P-terms 
"are the equilibrium partial vapour pressures. 


or, AGS = — RT In Kp+-RT [mc In P2+ mp In P$ —m,ln Py 


ў —mp In P$] . (үш) 
Б Й заные (УІ) and (УП) їп this equation (УШ), we hid 
S _ АНС ACE REI 

AG к| ЕТ Ar 1 RT aT+ 4 
1, ty AC'p 
акон 
ЕТ {т [ ЖОР | Тт aue] 
T n 
ED f AC Po ap 
rm [ Rr SiR ne 
T 
Ls, f AC'p, 
m LE Т. 
"| 5 + ) ЕТ aT+i4 
T Ij 
15р f AC Pg 
zi ERIS. 1 TT ат+ів 
"n “Simplifying, 


AGS = [muLs yok mplisy — тсіѕс a mpLsp + AHS) 
an ar | (ZAC tet me AC ro MADE mb Cu ACE op 
i о 


+ RT[mcic + mpip—m4i,—mgig—1] +++ (IX) 


Я Itis to be noted that in the right- hand side 
(а) the terms in the first paranthesis is the change in the heat-content 
for the reaction in the solid state = AHS 
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(b) the numerator of the integrand is the difference of heat capa- 
cities of resultants and reactants in the solid state = — ACE 
The equation (IX) can then be written as, 


T. Acs 
AGS = AHS—T f STERT œi- ...0) 
0° 
On the other hand, the Gibbs-Helmholtz relation for the reac- 
tion in the solid state may be written as 


т s 
еве ans—r | ARE AT. р) 
0° 


Comparing equations (Х) and (Х1) 
®и—1=0 or I = Xwi 
From equation (VID, then 


hk m Ан? ep сү 3»i LL. (XI). 


In equation (ХП), = Xvi is the algebraic sum of the chemical cons- 
tants and may be replaced by AS,/R, from equation (13.20). 


Я DG 
‚ш Ky CAT + Fa ACE AS ara. A AS. JL. (XID) 
This i is called the Nernst’s equation. | 
Prof. M. №. Saha made use of this equation in the study of the- 
thermal ionisation of monatomic vapours such as those of metals 
at very high temperatures. The ionisation may be represented as. 
М = М++е 
1-4 а а = 1+4; (а = degree of dissociation). 
The eqm. constant, Кр = а2Р/(1 —a?) 
Assuming atoms, ions and electrons behaving as monatomic gases. 
Cp for each is 5/2 R, hence ACp = 5/2 R (for the process). 
‚ Again, the heat of dissociation AH = N,FE, where E= 
ionisation potential of an atom in volts. 
AHS = [6.06 x 10° х 1,59 x 10-19. E]/4.2 
= 23070 E cal[mole 


THE CHEMICAL EQUILIBRIUM 401 


Substituting these in eqn. XIII, 


2 
n (a) = рат 4 
2 E^ 
or log Lacs = с, = + $ log T + pee 


From a statistical computation of entropies of the components. 
it was shown that 


ASIR = log Se — 6.49 
a 


Where gi, 2, and ga are the weight factors of ions, electrons and 
atoms. The pressure is expressed in atmospheres. 


log xg 


зт = 5050 E/T + $log T-Hog (gige[ga) —6.49 ... (ХТУ) 

Tn the ionisation of sodium vapour, nai = 1, Ze = 2, gu. = 2 

and Е = 5.12 volts. By comparing the intensities of the spectral 

lines from atoms and from ions, a, the degree of ionisation, was. 
measured. With a given pressure, the temperature could be cal-; 
culated from eqn. (XIV), In fact, Saha employed this in estimating 

Stellar temperatures. Taking a star as a spherical mass of blazing. 
vapours, the pressure could be computed, the differential intensities 

in the spectral studies of the same atom and its ions рауе а, Other 
values being known, the temperature was obtained. 


14.11 Equlibrium Constant from Partition Function 
The едт. constant ОЁ а reaction is related to the Gibb's free 
energy change by the relation 
AG? = — RT In Kp 
On the other hand, the Gibb's free energy can be expressed in 
terms of partition functions (eqn. 11.39) 
G = —RT In (f[N) «+» (a) 


It is hence possible to predict the value of eqm. constant from a 
knowledge ofthe partition functions ofthe participating components. 


The total energy of a molecule, 
€ = etr H erot єыь P Cetec + €o 
26 
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where e, is the zero-energy, i.e., the energy possessed by the molecule 
at the ground state at T = 0°К. Usually the zero of energy to 
which all other energies are referred is the energy of dissociated 
atoms infinite distance apart, at T = 0°K. The molecule at 0K 
would possess some energy, which is the zero-energy, <p. 


The molecular partition function of a gas is then 
Р =f rr Xf rot X foun Хасс X €7l*T 


‚_ QamkT 
mU xi 


or f V X fini x фо 


where do = e7 kT and «fine =f rot X /°чь Xf'eiec 


j 5 2amkT sl? 
Putting ae me = /', We may write 


© S= F Vha 
Substituting this in (a) above, G = —RT In (e 
At the standard state, where Р = 1, we have 
"КТ 
в = RTE уф = RT In (KT) ...@ 
Let us now consider a gaseous reaction, 
aA4+bB=cC+dD 
їл which AG? = cG2 + 468 — абз — bG$ 


л From (b) above, ДС? = —RT In 76х7в туч ] 


fAXfs 
where Ап = (c d) = (2+ b) 
and dan — 06 X фор 


Фоа X G08 


But, AG? = —RTIn Kp 
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Hence, the eqm. constant, i" 


Kp = 7% M x$£^ x (kT)^" 


exf'd 
= f: D S SEAT (КТАН 


© (14.27) 


"We may illustrate this with a few simple examples. 
(i) Consider the dissociation equilibrium, J, = 27, in which 
“the едт. constant can be ишы expressed as 


LE (fir. Frio. frot. Fetecdr, : 


È: [gi(2amkT [I8 [kT]e-^ERT 
к aniar KI POPE ЧЕТ е (] етту 1 


-£ ‚тту уч a- 
Gh 
where g;, g;, are the statistical weight factors, o = 2, m, = 2тр 
and all the entities are supposed to be in their ground states. The 
‘magnitudes of 7, v and ЛЕ, are all determinable from spectroscopic. { 
measurements. The equilibrium constant can thus be obtained in 
terms of spectroscopic constants only. 
(ii) Let us next consider the ionisation of sodium vapour.) 11. 


Ма = Nat +0 qM. j 


rf (АТ) e~SEolRT — deesse hr Sli ЕЕ Т X(KT)(e~4FolR7) 


ек7) gMoIkT е A Eo]RT 


— From equation (14.27), | Kp fart i fe f ifo rv 
‘In this case, only the translational motion is Бада, hence 


вв om ЕГУ] [Ommék TY]. o arr 
ч Сеше Т Ттт Р X(KT)e-^F. a 


xe cu Urn (kT) e-2EolRT 
Na 


elei ctde p - ase ALL Vu B 


ан $oEX Poilbog - Фр = 


= e-AtolkT = e-AEo/RT 
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where e, is the zero-energy, i.e., the energy possessed by the molecule 
at the ground state at T = 0°K. Usually the zero of energy to 
which all other energies are referred-is the energy of dissociated 
atoms infinite distance apart, at T = 0°K. The molecule at 0°K 
would possess some energy, which is the zero-energy, €o. 


The molecular partition function of a gas is then 


/°% = f'tr X f*rot Xf vin X f*etec Хек 
12 
or pem ra X $o 


where фе —ectI T, and fint S rot X /% нь Xf elec 


(QumkT PP? 
ЛУ mes 


Putting Sint = f', We may write 


s f= if Vds 
Substituting this in (а) above, G = —AT'In (e 
At the standard state, where Р = 1, we have 
26 Г RT : 
6° = -RT In— F $o = —RTIn (}'КТф) фу 
Let us now consider a gaseous reaction, 


aA +В = cC-- dD 


án which AG? = сбё + 468 — абз — bGg 
Л From (b) above, AG? = —RT In f exf 5 (KT)arg, ~) 
fAXf5 à 
where An = (c o d) — (a 4- b) 
and gan = fé X Фр 


Фоа X фо 


But, Ж AG? = —RT In Kp 
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Hence, the eqm. constant, 


} Kp = HG xdé^x (kT)^" 
B esie 
ШЕ ИЧ 


D сект" x (kT) 4" 


: 


‚ (14:27) 


"We may illustrate this with a few simple examples. 
(i) Consider the dissociation equilibrium, J, = 27, in which 
the едт, constant can be statistically expressed as 


ETE -AFoIRT — Sim -AEs 
т О; туен ы (Л. fvio-frot-fetec)rs ратан, 

Ж [g(2amkT у? [kT]e-AERT 

7 gn (Crm, KT PC] [87 21КТ oh jet (Y —e=k1 у-1 


2 [? 
eu a y ст (1 —e-hlkr) ект, g— AEoIRT 
where 2, gı, are the statistical weight factors, o = 2, mi. 21 
and all the entities are supposed to be in their ground states. The 
magnitudes of J, v and AE, are all determinable from spectroscopic 
measurements, The equilibrium constant can thus be obtained in 
terms of spectroscopic constants only. 

(ii) Let us next consider the ionisation of sodium vapour. |... 


a = Na* + 0 


` + 
From equation (14.27); 5 Kp = Av KT e-&EolRT 
а 


In this case, only the translational motion is concerned, hence 


Kp L gnatge [Om m, kT PPh) [(2тт,КТ)%? X(KT)e-^EoIRT 


Яма [@zmyakT? *]/8] 
$ 
— 8na*-8o Qnm, kTYy 7 (КТ) e-^EolRT 
ENa № 
фат = фахфыйфа dob = el ct4 рта 5 ВРТ 
= e-Ato/k? — 9-AEo/RT 
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where mg = mass of electron, AE, = the difference of energy of Na-atom and 
that of Na* and electron @ in ground 
electronic states, 
Le, AE, = Vi.ewhere Vi is the 
potential and є, ionisation electronic 
charge. 


(iii) In the reaction, 2HI = н, де; 
| 3 


let the three entities of substances be symbolised аз 1,2,3 as above. 


Kp = ths e-AEo/RT 
1 


Assuming non-degeneracy and also that the entities are in 
ground electronic state, 


x; s (fics frota Fvibs) (firs -froes -fribs) „-дкывт 


cota e авео)? 


map [x (1—е 17) e-AEoIRT 
040° (е8) (1 —e 7 hrsler) 


The spectroscopic data enables one to calculate the eqm. constant. 


14.13. The rate constant of a chemical reaction from thermodynamic 
principles 
The velocities of chemical reactions are profoundly influenced 
by change in temperature. It was Arrhenius who first showed that 
the velocity constant (К) of a chemical process increases exponentially 
with temperature. It was observed that the plot of log k against. 
1/T gives a linear relation. That is, 


dink | E. 
ФР RIS 
or k= Ae-ERT 


where 4 and E are constants for а given chemical process. A is 


called the ‘frequency factor’ and E, the ‘activation energy of the 
reaction, 
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In a reversible chemical reaction, if k; and К. be the velocity 
constants, then 
dink, _ E а dns E 


dno RIS O ДЕЛ RIS 
dln kilka _ Er E: 
dT ARTE 
We have seen, in sec 14.1, that k,/k, = K (eqm. constant). 
Hence, den = BA 
dink _ AH 


But from van't Hoff eqn., —dT = RP 


Therefore, heat of reaction, AH = Е; — E; 


It has now been accepted that molecules must acquire a certain 
critical energy before they undergo chemical change, In other 
words, before the chemical reaction the molecules must be raised 
to a higher energy level and thus be activated. The excess or addi- 
tional energy that the reactant must acquire for chemical change 
over the average is the energy of activation. The heat, of reaction 
(АН) can thus be interpreted as the difference in the energy of acti- 
vation of the two opposite changes. 

Attempts to elucidate the mechanism or the way by which the 
Teactants are converted into products with the help of activation 
energy led to the proposal of several theories. One of the theories 
now widely accepted is the ‘Transition state theory’ originally pro- 
posed by Marcellin and, later on, developed by Eyring and by 
Polanyi. According to this theory, the reactant molecules are first 
transformed into an intermediate energy-rich acivated complex or 
a transition state from redistribution of energy. f 

In any case; the activated complex, though unstable and has 
transient existence, is treated formally as a definite molecule with an 
independent entity. The activated complex subsequently breaks up 
to produce the resultants at a definite rate. 

Schematically, Reactants => Activated Complex — Products 
In considering the HI-dissociation, we may visualise it as follows : 
H-I H-I Had H I 

a Ens B c dy d d 


2HI — aper cr M : 
H= 1 Hed Hoi oH 
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As to the activated complex, the following postulates are 
accepted : 

(а) The activated complex is regarded as a separate entity, 
and it is always in equilibrium with the reactant molecules. If Са 
and Св be the concentration of reactants and C+} is the concen- 
tration of the activated complex (X) in the reaction, 


G A--BexX; (ii) X — Products 


| К+ эс 14.28 
{һе eqm. const., EG: . (14.28) 
or CH = K*CACg ‚.. (14.29) 


The suffix (+) refers to the activated complex, the concentrations 
may be expressed as molecules/c.c. 

(b) The activation energy (Е) of the reaction is the additional 
'energy which the reactant molecules acquire to form the activated 
complex (X). The energy of the activated complex will thus be 
sufficient to reach the peak of the curve in Fig. 14e. 

(c) The activated complex must have one of its vibrational 
degrees of freedom which would be quite unstable. This vibration 
is responsible for disrupting the complex into the products. The 
vibration happens to have a large enough amplitude to break open 
the complex. The frequency of such vibrations will be low and the 
average energy will be of the order of KT. If v be the frequency of 
this vibration, then 

hy = ey = КТ, or v = KT]h, 
where k = Boltzmann constant and 

h = Planck's constant. 


Only those of the activated complex 
& molecules which would attain this fre- 
A*B quency of vibration per second shall 
undergo decomposition. In other words, 
Products this frequency (v) would be the rate- 
determining factor, i.e. the rate at 
which the complex would break up 
into products. 
Hence, rate = v.C*, (molecules- 
ec sect) 
Substituting from eqn. (14.29) rate = vK*+CaCp 


Fig. 14e. Variation of energy 
during transformation 


V. 
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If k, is the velocity constant of the reaction, then 
rate = k,CACa 


Comparing the two, kı = vK* = H ke . (14.30) 
This will hold true not only for two reactants, but for any reaction. 

If the concentrations be taken in moles/litre, the form of this 
relation would remain the same but the absolute magnitudes of 
К+ and hence of the rate constant Кү would only alter. Let the 
relation then be expressed as 


klar 


ker ‚.. (1431) 


The eqm. constant К+ can be expressed either in terms of 
thermodynamic quantities or in terms of partition functions. These 
are taken separately. 

(i) From thermodynamic approach : We know that the eqm. 
constant of a chemical process, K, is related to the standard free 
energy change (AG^), as, j 

RTnK = —A@ оу ено 
Using Gibbs-Helmholtz relation, 
К = е-^б°ЇЁТ = е—(АН°-ТА5°УВТ — gAS*[R g-AH*IRT 

Hence, in the formation of the complex here, we can write, for 
the rate constant, k,' (eqn. 14.31) 


km К = ET gets er AUT ... (14.32) 


when AS*, AH* are the quantities corresponding to a gm-mole. 
The superscript. zero is dropped for convenience of writing. 


Also, тк, = In(k[h) + nT+ In К+ 
i dink,’ “1 din К 
i.e., т.т 28 dT 
But from Arrhenius eqn, dhi = x ; (E = energy of activation per 
aT R mole for complex for- 
mation) 


Pi py din К+ 
R T dT 
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" 
or E=RT+ RARE = RT + AU*; (vant Hoff 


isochore) 


(voor Е = RT+ AH* — AnRT; (лп = change in the no. of 
‘ moleculcs in complex 


m formation} 
|н or, AA = Е RT(An —1) 
‘Substituting it in eqn. (14.32), 
yess KT oS Ing-EIRT e Coa- n 
US o e [earn е^] eEIRT |, (14,33) 


‘Comparing with Arrhenius equation (k,’ = Ae EIRT), 
the frequency factor, 4 = е-(2"-0 (KTJhje^S*IR_ . , . (14,34) 
In equation (14.33) 

. for a unimolecular process (An = 0), 


ky! = e (kT hje AS jRe-EIRT 
for a bimolecular process (An = ~1), 


ky’ = eX(kT[h)e®S*!Re-EIRT, etc, 


For gaseous reactions, the entropy of activation (S*) is generally negative 
‘and varies little with temperature. Its magnitude varies between —10 cal ~ 
—40 cal/mole-K. Since k/h = 2X10", the velocity constant for a bimole- 
cular reaction will have values between 


КОМЫ R2 2X 10 Te-te-EIRT. and ky FS 2x q0t0Te-tte-EIRT 


j| | Problem: 15. For the unimolecular process of conversion of cyclopropane 
into propylene, the energy of activation is Е = 65000 cal at 500°C. Estimate 
the entropy of activation, 5 

65000 

2.3RT 


The rate constant, k, — e A eAS TIR, -EIRT 


Given log & = 15.17 — 


Using standard values, ky = 4.410% eAS*/R, e-65000/2x773 

Since log ky = 15.17—65000/(2.3R7), kı = 148 x 10'e~25000/(2"3RT) 
Equating the frequency factor, 44x 109 eAS/A _ 1 4g у igs 

whence, ДФ = 7 cal/mole-degree. 
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(ii) From Partition functions : The eqm. constant for a reaction, 
say, A-- B < C, can be expressed with the help of partition 


function, -as 
fe Eo|RT i 
= s e^ Ч uation 14.27). 
АЉ (шш ) 
So, in the formation of the activated complex (X), the едт. constant 
would be, | 


fx 
K+ = 2% e-EolRT $ 
Safe 
where E, = energy increase at absolute zero when one mole of 
activated complex is formed and fX: = total partition function of 
the complex. 

The total number of degrees of freedom for a molecule of 
N-atoms is 3N, of which three are rotational and three translational. 
Therefore, the vibrational degrees of freedom would be 3N—6. 
‘Out of the vibrational degrees of freedom of the activated complex, 
one is different for which the frequency is quite low. to allow the 
breaking up of the complex into products, Hence, partition function 
for the vibrational degrees of freedom may be written as fg. fo» 
where f¢ denotes the partition function for all degrees of freedom, 
excepting the vibrational component of the critical mode and VM 
for the vibration for which the frequency v — 0. 


Hence K+ = теп eH 2 (А) 


Eor the degree of freedom of a vibration (eqn. 11.52), 


fi eem 


7 Wee meds. CUT 

Во E Пт — 1-(—5) Ж 
Bn vi AT Of 

Substituting thi : zm e-BolRT 

ing this in (А); К+ ТУ, ЖУ 
But the reaction rate = vC* = vK*.CACa 
But the rate is = АуСАСв ; (kı = rate constant). 
a kı = УК# = au Mt fle Б er eden: ‚.. (1435) 
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А Comparing with Arrhenius Equation, Кү = /4е-8-/87, 
Eae À 
dines IK ... (14.36) 
h fate 
Tf two molecules containing пд and ng atoms form a complex. 
(Х), then the partition functions would be 
d = fef slna eng) 77 ifa Sefë nA TS 2f = fè Af jig -6 


where fi, fr and f» are the contributions to translational, rotational 
and vibrational degrees of freedom, 


Hence ky = Er Hs &-EolRT 


ERU SELF (natna)-T 
7 i ffe R JET 


К »* \ о-в IRT 
NUS [s SL 1 

At ordinary temperatures, kT/h e 10", and f; e 1, fr © 10, 

fi = 108, hence 


е-ЕоЇЕТ 


1 
(108): х 10% 
== 10 litre moles-! sec-* 
This approximately corresponds to the experimental results. 


= 10-4 cc molecules! sec™* 


ky = 108 x 


Problems 


1. At 100°C, the vapour density of nitrogen tetroxide is 25 at 1 atm. Show 
that Kp = 9.6. 
2. If а be the degree of dissociation of NH, at pressure P, prove that 
а = [1 + 1.33 P/Kp]* 
3. Prove that the maximum conc. of ammonia in its synthesis can be obtained 
only when N, : Н, is in the molar ratio 1:3. 
4. N, and О, combine at a given temperature to produce NO. At едт. the 
yield of NO is x per cent by volume. If 1 
х = Мв — Ket?) 
where К is the едт. constant at the given temperature and ‘a’ and ‘b’ are the 
volume percentages of № and O, respectively in the initial pure mixture, what 
Should be the initial composition of the reaction mixture in order that maximum 
yield of NO is ensured? (С.П. 74). Ans. N, = 50% 
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5; А mixture of SO, and О, in molar ratio (2 : 1) was kept over а Pt-catalyst- 
ia a reaction vessel at 650°С, the total pressure was 10 atm. If 60% SO, be- 
converted into SO, in this process, calculate Kp for the reaction, 

2804-0, = 250. 1 

State, with reasons, whether.the above eqm will be disturbed and if so im 

which direction, when 
(i) volume of reaction vessel is increased at constant temp. 


(ii) Na is introduced into the vessel to increase total pressure at constant 
temp. and volume. 


(iii) the catalyst is removed at constant temp. and volume without disturbing: 
the gas. 


(iv) the reaction vessel is suddenly cooled to 0°C. [C.U. 1973] 


6.(a) At a total pressure of 0.5 atm, PCl,-vapour has adensity of 89 (Н = 1). 
What is the partial pressure of chlorine when the vapour is compressed to опе: 
atmosphere isothermally ? 


(b) If an equal volume of chlorine at the same temp. and pressure be intro-. 
duced into the mixture at 0.5 atmosphere isothermally, what will be the partial’ 
pressure of PCl? Ans. (а) 0.11 atm. (6) 0.012 atm.. 


7. What will be the pressure of CO, at eqm. in the reaction, CaCO, = 
CaO + СО», at 25°C if standard molal thermodynamic potentials are, 
и?СаСО, — 970 Keal, por = —144.5 Kcal COs = —94.4Keal. 
Ans. pco, = 1.6X10-* atm.. 
8. In the dissociation of Iodine vapour, 
l(g) = 21@, AH = 120950j/mole. 


Show that at ordinary temperatures (27°C), the eqm-constant К increases. 
nearly five times for every ten degree rise in temperature. 


9. The standard enthalpy and free-energy of formation of nitric oxide are: 
АНу° = 21600 cal, Лбу° = 20720 cal 
Calculate Kp for the reaction, Nz+O, = 2NO at 2000°К. Ans. 3.8x10-*- 


10, At 0°C and at 27°C, the concentrations of H* ions in pure water are 
0,4 x 107? and 1.2 x 10 respectively. Find out the heat of ionisation of water. 


11. At 2000°K, AG for the reaction, N,--Os = 2NO, is given by AG? = 


22000—2.5 T. Estimate Kp at 2000°К. Ans. 1.4x107* 
12. In the gaseous reaction : $,--20, = 280, (25°C) AH? = —173 Kcal, 
AS? = —33.6eu, ACp? = —1.49 + 142x10-T. Find the value of Kp. 
at 1000°C, 
13. The following heats of formation and absolute entropies are given : 
H: H,O co со, 
AHP (cal) -= —57800 —26420 —94094 


5° (eu) 31.2 45.1 47.3 51.0 
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Calculate Ky for the reaction, CO+H,O = CO,+H; at 500°K assuming a 
A Hy^"-values are independent of temperature. 

14. For the reaction, CuSO,, 3H;O = CuSO, Н.О + 2Н,0 (8), D 
“the dissociation pressure is 7 x 10-? atm at 25°C and AH ə — 27000 cal. What © 
will be the dissociation pressure at 127°С? 

15. In the gaseous reaction, 2A+B = А,В, AG? = —1200 cal at 227°С, 
What total pressure would be necessary to produce 60% conversion of B into 
A.B when 2 : 1 mixture is used? 

16. Calculate ДН, AG’, AS? for the reaction, NiO (5)--СО = CO,--Ni(s) 
at 1000°K, Given ‘ 


Ly ve = 46x10, КР озок) = 2.5x10*, Кезек) =1.6х10° 


Ans AH? = —47450 cal 

17. At 1 atm, the percentage decomposition of carbon dioxide are 2x10-5 

and 1.3 X10-? at 727°C and 1127°C respectively, according to the reaction, 
2CO, = 2CO+0, 


: Calculate AG? and AS? for the reaction at 1000°C assuming AH as constant. 
Ans. AGio00 = —93370 cal 


} 18, In the 15010ріб exchange reaction, H+ Ds = 2HD, (the entities are 
indicated by 1, 2 and 3), the following spectroscopic data are known, 


Hy D; HD 
| »X107!5s-1 132.3 93.7 114.8 
7x10" g-cm? 4.6 9.19 6.13 


The heat of disociation of the three isotopes may reasonably be taken to be 
equal, Dy, = Dp, = DaD 

and og, = op, = 2; онр = 1 

Show that (i) ЛЕ, & 172 cal/mole 


Р Му Jh оза Is? 
4 c9 [ ы 
V PETA A s cor A Se 


Calculate the value of K at 25°C. Ans, 3.27 


CHAPTER 15 


HETEROGENEOUS EQUILIBRIA : 
THE PHASE RULE 


15.1. The Heterogeneous Systems 


When a system consists of parts which have different physical! 
properties (perhaps also different chemical properties) and which 
are separated by bounding surfaces, the system is said to be a. 
heterogeneous one. When the chemical or physical reactions which . 
occur involve a movement from one state to another state of aggrega- 
tion, i.e., from one phase to another, the equilibrium attained is 
spoken of as heterogeneous. Such equilibria therefore occur in 
vaporisation, condensation, dissolution, precipitation, transition 
of one form into another (S, — Sg), distribution of solids between 
two immiscible solvents, chemical changes having reactants and 
resultants in different states of aggregation etc. The study of equi- 
libria in heterogeneous systems is always based on some basic 
thermodynamic principles. | 

When information regarding the quantitative relation between 
the reacting species is required, the application of the mass action: : 
Law is inescapable whether the system is homogeneous or hetero- 
geneous. 

In a heterogeneous system, the constitueunts would occur in- 
more than one state or phase, say liquid and vapour. A change in 
temperature would lead to a change of pressures ог concentrations. 
These changes would be governed by Clapeyron equation and the 
Raoult’s Law, 


аР; 1, 
dT — T(Va — Vi) 
The chemical potential of a component in different phases. 
at equilibrium is the same and hence Nernst distribution Law 
(Sec 10-11a) provides information regarding the concentrations 
of the components in different phases. Besides these, the most 
important principle used universally for the study of heterogeneous 
equilibria is the ‘Phase Rule’, 
The phase rule put forward by Willard Gibbs (1876) from. 


and pi = xP. 
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-precise thermodynamic considerations, is the most useful genera- 
lisation concerning the equilibria in heterogeneous systems. The 
phase rule is a relation between the number of components (C), 
the number of phases (P) and the variable parameters (F) called 
-degrees of freedom of a heterogeneous system at equilibrium. The 
relation is expressed as, 


A OR dae 


The beauty of the phase rule lies in its extraordinary simplicity 
„and the capacity of bringing within its ambit most widely divergent 
.and unrelated heterogeneous equilibria. Before we proceed to 
«derive this principle, it would be necessary to define the terms 
involved, namely phases, components and the degrees of freedom. 

Phases. A phase is defined as a physically distinct but homoge- 

neous part of a system separated from other parts by boundary 
„surfaces. A heterogeneous system is therefore composed of two 
-or more phases. Thus a system containing water and its vapour 
has two phases—the liquid phase and the vapour phase ; each 
phase is homogeneous and distinct and there is the surface-boundary 
between the two. A gas mixture is always a single phase. Similarly, 
-all homogeneous solutions are one-phase systems, whatever may 
be the number of substances present in the same. Every solid, 
however, constitutes a separate phase. So, when calcium carbonate 
-dissociates into calcium oxide and carbon dioxide, there are two 
:solid phases—viz. calcium carbonate and calcium oxide—and one 
.gas phase of carbon-dioxide. That is, it is а three-phase hetero- 
.geneous system. 

Components. In dealing with the heterogeneous systems, it is 

"necessary to define another term, the components of a system. 

The minimum number of independent chemical constituents by which 
the composition of every phase of the system can be expressed deter- 
-mines the number of components. It must be clearly understood 
“that the components of a system are not synonymous with the con- 
situents of the system. All the constituents need not be compo- 
-ments but all the components must be included in the constituents. 


To illustrate : The system water-water vapour contains only one component. 
"Both the phases may be expressed by one chemical individual namely, Н.О. It 
js à one-component system. A cane-sugar solution will be a two-component 
"system as there are two independent chemical substances which determine the 
“composition of the Solution, namely, Н.О and C,:H;.O;; (cane sugar). Again, 
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‘ferric chloride and water can give rise to solids like Fe,Cly.12H,O, FesCl,.7H20, 
Fe,Cl,.5H,O, FesCl..4H,O andanhydrous Fe;Cl;, as also the solution, ice and 
the vapour phase. But to express the composition of any phase, two chemical 
individuals —H;O and Fe;Cl,—are only required. It is thus a two-component 
system. 

If a system contains calcium carbonate at a higher temperature, three subs- 
tances are likely to be present in the system viz, calcium carbonate, calcium oxide 
.and carbon dioxide. 


CaCO, = СаО + CO, 


There is however а restriction that the amount of CaO and CO, must be equi- 
valent. As such, the composition of any phase can be represented by the con- 
centrations of any two of the three individuals ; say, CaO and СО». The phase 
calcium carbonate is /CaO -+ /CO, ; the phase calcium oxide is mCaO + ОСО, ; 
and the gas phase carbon dioxide is mCO, + 0CaO. Hence, although three 
«constituents occur in the system, it is really a two-component system. 


As a general rule, the number of components (C) is obtained 
‘by ‘subtracting the number of restrictions (д) imposed from the 
‘total number of individual constituents (C’) present in the system; 
ie, C = C' — д. In the case cited above, there are three cons- 
'tituents and one restriction (equivalence of CaO and СО»), hence 
‘the number of components, 


С = 3-1 = 2 


Likewise in a dilute solution of sugar, there is no restriction and 
ithere are two constituents, therefore number of components, 
Cc =2-0 = 2 
Degrees of freedom : We shall now consider the general 
‘thermodynamic criteria which would govern the equilibria between 
the different phases of a heterogeneous system, Suppose we are to 
‘enquire about the conditions which would keep a liquid in equi- 
librium with its vapour. It is a well-known observation that if we 
.:simply fix the temperature or the pressure, the desired equilibrium 
will be maintained. This fact may also be thermodynamically 
arrived at, not only for this system but for any multiphase system 
"Which may contain a large number of components. The thermo- 
"dynamic parameters used to define a heterogeneous system are 
the usual pressure, temperature and volume (or concentration); 
"other conditions such as gravitational field, magnetic field, etc. are 
Not taken into account. In this connection, it would be convenient 
Чо introduce a new term, namely the degrees of freedom. 
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If the state of a system cannot be completely defined until at 
least F data are given, we say that the system has F degrees of 
freedom. It means that the state of the system depends on F inde- 
pendent variables. The number of degrees of freedom may then be 
defined as the number of variables that must be specified in order to 
define the system completely. We can also indicate another definition 
for the number of degrees of freedom. The number of degrees of free- 
dom of asystem is the number of factors (temperature, pressure, concen- 
trations, etc.) which can be varied independently without altering the 
number of phases. This may be explained with an illustration. 


Suppose a gasisenclosedina cylinder witha movable piston asin Fig. 15a(1). 
11$ а one-phase system. Let the volume ofthe gas be intentionally kept constant, 
we can now alter the temperature and pressure without altering the number of 
phases. Instead, when the temperature be fixed, the other two factors pressure 
and volume can be varied and therefore the state of the system remains unde- 
fined. But if we fix two of the factors—say, temperature and pressure—then 
the third (volume) is definite. So, by fixing two variable factors, the system is 
completely defined. Such a system in which two factors can be independently 
varied without changing the number of phases has two degrees of freedom or it. 
is a bi-variant system. 

Again, suppose a liquid is in contact with its vapour as in Fig. 15a(II). In 
this case if we fix either the temperature or the pressure, the system is defined 
completely, subject to the condition of the co-existence of both the phases. For 
any given temperature, the vapour pressure is immediately fixed. If at a fixed 
temperature, pressure is altered, one of the phases would disappear. So, this is. 


Fig. 15a 


asystem with one independent variable factor or it is a univariant system possess-- 
ing one degree of freedom. 

$ Further, suppose the system in Fig. 15a (III) contains a substance in equili- 

` briumin three phases —say, ice, liquid water and water vapour. This is possible 


\ 
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at a particular pressure and temperature. If we vary any one of these factors, 
either pressure or temperature, one of the phases would disappear. If we lower 
the temperature, all liquid will solidify and if we raise the temperature the ice will 
disappear. Hence in this case there is no independent variable or it is a non- 
variant system, the number of degrees of freedom being zero. 

From the thermodynamic standpoint, it would be interesting to find out 
the independently variable factors or conditions for a number of components 
existing in equilibrium in different phases. The answer is provided by the Phase 
Rule. 


15.2. The phase rule 

The phase rule expresses the condition of equilibrium by the 
relation between the number of. the co-existing phases and the com- 
ponents, Considera heterogeneous system of P number of phases 
(denoted by superscripts a, b, . . .p) containing C number of com- 
ponents (denoted by subscripts, 1, 2,3, ...c) in equilibrium. The 
concentrations of any component in the different phases may be 
different, The system is a closed one and it is in mechanical and 
thermal equilibrium, meaning that all the phases are at the same 
temperature T and under the same pressure P. It may be assumed 
that there is no chemical reaction between the substances in the 
system. 

The chemical potentials (и) of the different components in the 
P-phases are represented as 

Hs, ps, ... nuQ B®, wo, ... ps 

Hy, we, ... и; лк py, ИЗ? ai ae ug. 

Now, imagine small amounts (dn: moles). of the components 
are transferred, under equilibrium conditions, from one phase to 
another, The following conditions would then hold true.’ 

dn(9 + а + д: ... дп) =0 
dng® +-dnQ® + апу +... dng) = 07 
24 US PETINI vee (15.1) 
dn) + da + 212 dnp = 0. 
Further, from Gibbs-Duhem relation, at equilibrium we have, 
dG = Xpdn = 0. 
Hence, ї tr Ini 
ш dn + py dn +... + а) цо) 
+ pg dng + pË) апә® +... + po?) da 
CAN MMC M Ee Mind uit dra 
caldo c ipd +... edu m 05 ses 052 
27 б 
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Multiplying equations (15.1) by c-different multipliers (A) 
we find, 
№ат® + dn +... + Adm? = 0 
мап,® + Adna D + ... + Adn P = 0 
19:3) 


Асат + Асапф +... +Acdn = 0 


Adding the equations (15.2) and (15.3) we can pick up and 
equate the coefficients of each of the dn-terms to zero. The results 
would be, 


Shy ш, —A аб, ay = go 
LM = po, —Ag = uf), ... —À = n? 
Ac = Ш, —Ac = Ш, ... —Ac = py 
That is, o mO = HO =)... = ш 
uias са. дие 
Ns DES. ... (05.4) 
unas ap 


These are the equations of the phase equilibrium. Thus, we 
‘know from the thermodynamic considerations that at equilibrium 
the chemical potentials of a constituent in all the phases of the 
system must be the same. Different constituents, of course, have 
different chemical potentials. 

Now, let us first determine the total number of variable factors 
vin the given system. So far as the composition variables are con- 
cerned, in every phase we may have C components having C different 
concentrations. But in a closed system, if we arbitrarily choose 
concentrations of (C—1) components, the last one is fixed by the 
remainder. So, there are really (C—1) composition variables in 
each phase. For all the P-phases, the number of composition 
variables would be P(C—1). In addition, there are two other 
variables, namely, temperature and pressure. 


Hence the total number of variables = P(C—1)4-2. ... (15.5) 
Next let us see how many of these variables are already fixed 
and cannot be altered. From equations (15.4) it is known that 


if the chemical potential of a component in any of the P-phases 
be defined, its chemical potentials in theother (P—1) phases cannot 
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be varied. The chemical potentials are related to the concentrations. 


As such if the concentration of a component in any one phase be’ 


arbitrarily fixed, then the concentrations of the same component 
in the other (P—1) phases would be fixed, i.e., non-variant. For 
this particular component, (P—1) composition variables are fixed. 
For all the C-components, the number of composition variables 
thus immobilised would be C(P—1). If we subtract this number 
from the total number of possible variables of the system we 
shall get the number of variables of the system which can be 
arbitrarily chosen. This would represent the number of the degrees 
of freedom (F) of the system. 
Е = P(C—1) +2 — C(P—1) 

or F= C—P+2 УШ (5:6) 

This is the ‘Phase Rule’. ү 

The systems are named univariant, bivariant, trivariant, etc. 
according as the degrees of freedom are 1, 2, 3, etc. The Phase Rule 
takes into account only the variables of temperature, pressure and 
the composition and the influence of other factors such as electric, 
magnetic, gravitational, surface forces, etc. isignored. The equation 
does not depend upon the nature or the amount of the substances. 
Tt also does not assume anything regarding the constitution of the 
matter or the molecular complexity. The Phase Rule tells us that 
the systems having the same degrees of freedom shall behave in 
а similar fashion. It thus enables us to classify the states of equili- 
brium. It is immaterial whether the phase-changes in systems 
are chemical or physical, if the number of degrees of freedom be 
the same, the systems shall behave similarly when temperature, 
Pressure and composition (concentrations) are varied. — . 

To illustrate : We may take the following three different 
Systems, namely, (i) Water and its vapour (i7) Solid f-tin and its 
vapour and (iii) Solid calcium carbonate in contact with its dissocia- 
ted products calcium oxide and carbon dioxide. The last system 
involves а chemical reaction while the other two are physical 
changes. The details of the systems are : 


System Co-existing Number of phases Degrees of 
phases and components freedom 
Water and vapour liquid-gas =P = 2, C= 1 F = 1-242 = 1 
Tin and its vapour solid-gas РЕС 1100 Е 92242081 
Calcium carbonate solids-gas P= 3, € — 2) F=2-34+2=1 
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We have already seen previously that the number of compo- 
ments in the system in which calcium carbonate is dissociated is two. 


mm 
js fa Tin 
water 
t vap $ 
4 E fi P Solid 
liq A 
0 100 y 232 
Tt 18 т> 
Fig. 156. (i) Water and its vapour (ii) Tin and vapour 


800 T+ 900 
(iii) Dissociation of CaCO; 


Now all the systems, in accordance with the Phase Rule, are 
univariant and hence all of them are expected to behave similarly. 
The experimentally observed variation of vapour pressures with. 
temperature for the three systems are given in Figs. 15b. 

The similarity of the curves indicates that although the system: 
are widely different yet they behave in like manner. Alternatively, 
from a knowledge of the degrees of freedom and the number of 
components present it is possible to predict the number of phases 
coexisting in the system under equilibrium. Such a study would 
therefore enable us to state whether a given system is a homo- 
geneous or a heterogeneous mixture. With the help of the phase 

. rule we have grouped together widely different phenomena and 
it guides us to ascertain the existence of a new phase. The law 
of mass action cannot provide us with such information. When 
A and B reacts, the law of mass action would give quantitative 
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relations of the equilibrium concentrations but the law cannot 
predict if any compound A,B, has been formed.as a new phase 
or not. The phase rule has been of great value in the practical 
field such as in the isolation of salts from mixtures, preparation of 
alloys, etc. It helps in the adjustment of temperature, composition 
etc. to obtain a desired product. The preparation of potassium 
chloride from Stassfurt deposits in an outstanding example. 


15.3. The Phase Rule for systems with reactive components 


In deducing the phase rule equation (15.6), it was tacitly 
assumed that the components do not undergo any chemical change 
between them. Butif some components undergo chemical changes, 
the equation has to be modified. The composition variables are 
governed by the equality of chemical potentials of a component 
in different phases at equilibrium. Now if there is a chemical 
reaction, then apart from the fixed composition variable indicated 
above, the stoichiometric conditions would also come into play. 
For a given concentration of a component involved in a chemical 
change in the system, the concentrations of other components 
participating in the same will become fixed. This amounts to the 
imposition of some additional restrictions on the composition 
variable. The number of such restrictions depend upon the number 
of reactants and resultants involved. If О denotes such restrictions, 
the number of degrees of freedom would be diminished by Q. In 
such a case, the degree of freedom will be given by, 


Е = [C'—P + 2]-Q. „к. (15,7) 
where C’ is the total number of constituents in the system. 
In other words, the phase rule equation would be 
Е = C—P4+2, where C = С'—0 ... (15.8) 
That is, the number of components in the equation should be 
teduced by the number of restrictions. s 
i Besides the chemical reactions, there may arise other condi- 
tions which would restrict the number of free variables. For 
example, if a one-component system be at the critical point, the 
the liquid and vapour phases are identical. In this case, the number 
ОЁ degrees of freedom would be 
Е = C—P+2-@ 
: 1242-1 = 0 
ie., the critical state would be an invariant point. 


\ 


1 
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15.4. Phase Diagrams 


The effect of changes in temperature, pressure or composi- 
tion on the changes of phase in a system can be easily under- 
stood only when these are graphically represented. The conditions 
under which the different phases can co-exist are conveniently 
described by graphs called phase diagrams. That is why phase 
diagrams are universally employed in the application of phase 
rule to heterogeneous systems. When there are only two variables, 
Such as pressure and temperature, or temperature and concentra- 
tion, rectangular coordinates are used. But when three variables 
are concerned, solid diagrams are needed. Time is not a variable 
since phase diagrams are concerned with systems in equilibria. 
Тһе total quantities of the components are also not of any im- 
portance but their concentrations are. A numberof phase diagrams 
of different types will be illustrated in the pages following. But 
a few elementary facts may be mentioned here. 


The effect of pressure on the temperature of transition from one phase to 
another of a substsnce is governed by the Clapeyron equation. 


at vx» TA» +. (05.9) 


The plot of P vs T would reveal the conditions of equilibrium between two 
phases; say, liquid-vapour, solid-liquid etc: (Fig. 15c). We may consider the 
general behaviour of such transformations. 

(i) In the transformation from liquid — vapour, both AS and AV are 
positive. Hence dp/dT is also positive as in OA (Fig. 15c). 

The molar entropy-change AS in the vaporisation of a liquid is of the order 
10 ел. and volume change approximately 10* c.c./mole. Hence, dp/dT = 10/10* 
A 10-? cal cc degree = 0.04 atm/degree. 


à (ii) In the transformation solid — vapour, again AS and AV are both 
ү 4 
positive. Hence the slope T5 positive as in OB. 


The volume-change A V is almost the same as in (7), but A.S'is much larger, 
80 that dp/dT will bea steeperslope than in the transformation liquid — vapour. 

In the neighbourhood of the triple-point, the P-T'curve OB for solid/yapour 
will ascend more rapidly than that for the liquid/vapour (OA). The two curves 
(ОА) and (OB) are not continuous and must intersect. 

(ii) Та the transformation solid — liquid, AS is positive but AV may 


have a positive or a negative value. Hence, the slope dp/dT may be positive or 
negative, 5 
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The molar entropy change AS, in fusion is of the order of 5 e.u. and the 
molar Av = 5 с.с. So, 


de _ ү D$ Qj x 1calcc- degree? ФУ + 40 atm/degree 
aT Av ч 
ат 

ог = + 0.02 degree/atmosphere 


dp 

Hence, the slope of P-T curve for solid/liquid transformation (OC) will be 
very steep. One atmosphere change in pressure would change the fusion tem- 
perature by 0.02*C only. 


The line OC in the figure is the locus of points (P, T) at which 
the solid and liquid (s/7) can co-exist. Similarly the other curves 
I and II indicate the locus 
of points for co-existence 
of other phases, //g and s/g. 
Points on the right of a line 
indicates one phase and 
points on the left another t 
phase. Areas bounded by the А 
lines indicate the existence of 
a single homogeneous phase. 

The point of intersection 
of any two curves will indi- 
cate co-existence of all the 
three phases  solid-liquid- 
vapour in едт. The point is 
called a triple point. Fig. 15¢ 


Triple pt. 


T -= 


The triple point temperature of some systems are given : 


System: ЊО NH; HCl СН. l 
Tir ^K: 273.01 195.3 159.3 90.6 386.7 


We can now consider some simple systems. Phase dia- 
gramsare classified on the basis of number of components such 
as one-component system, two-component system, etc. 


ONE COMPONENT SYSTEMS 


15.5. The System, H,O 


One component systems shall comprise of a pure substance 
only. The simplest and a typical example will be that of a system 
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containing water. Under ordinary circumstances there are three 
possible phases, ice, water and water vapour. 
(a) If the system consists of only one phase, say vapour, then 


^F = C-P +2 = 1-1 4+2 = 2 


the system would be bivariant according to the Phase Rule. That 
is, both pressure and temperature can be varied simultaneously 
without any change in its phase or both the pressure and tem- 
perature variables must be determined to define the state of the 
system. 

_ (b) If the system contains two phases in equilibrium, say, 
water and its vapour, or say ice and water, or ice and vapour, 
the system would be a univariant one. For 


Е = С—Р-+2 = 1—2++2 = 1 
i.e., the equilibrium between the two phases would be known if 
only the temperature or the pressure be fixed. 
The truth of the above predictions of the Phase Rule is borne 
out by the phase-diagram of water as given in Fig 15d. The line 
OA is the vapour-pressure curve for water, the vapour pressure 


1 
O WATER 


VAPOUR 
П 
D 


Iiooec. 


-0075?C. 
TEMPERATURE ——— ———?- 
Fig. 15d. The phase-diagram for water (not to scale) 
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increasing with rise in temperature. The points on this line show 
the pressure of water vapour under which water and its vapour 
exist in equilibrium at different temperatures. This curve OA 
then represents the univariant states of the system water/vapour. 
For any given temperature, equilibrium vapour pressure is fixed, 
i.e, thereis one variable only. For any point x above OA, the system 
would be liquid water. If the pressure is lowered at constant tem- 


„perature, the vapour phase would appear at the point y. 


On further lowering of pressure, to z; the system would be com- 
pletely vapour (temp. remaining constant). Hence ОА in the phase 
diagram is the demarcation or boundary line between two phases, 
water and its vapour. 

There is however an upper limit for OA terminating at A, its 
critical state, when the liquid phase is no longer distinguishable 
from vapour phase. The coordinates of A are p = 218 atm and 
t = 374°C, 

Similarly the curve OB denotes the vapour-pressure curve 
Of ice or more appropriately the sublimation pressure-temp. 
curve for ice. It registers the vapour-pressures under which ice 
is in equilibrium with its vapour at different temperatures. This 
curve is also the line of demarcation between ice and vapour. 
The slope of OB is however steeper than that of OA; OA and OB 
are not continuous as has been pointed out in the previous section. 

On the other hand, OC is the freezing point curve indicating 
the equilibria at different temperatures between ice and water. 
The line has a negative slope, i.e., melting point is lowered with . 
increase in pressure, the density of solid ice being less than that 
of water. 

Each of the three lines ОА, OB and OC indicates the two- 
phase equilibria and represents univariant states. The areas 
enclosed between these lines represent regions of a single phase i.e., 
bivariant states of the system. Thus the region АОВ is vapour, 
BOC ice and COA water. 

.. The point О, where the three lines meet, all the three phases, 
ice, water and vapour should co-exist? This is called a triple point. 
The pressure at this point has been found to be 4.58 mm. The 
freezing point of water is 0°C under 760 mm pressure, and from 
Clapeyron equation, the freezing point changes by 1° when pressure 
is changed by about 140 atmospheres, Hence at 4.58mm the freezing 
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point will be raised to + .0075°. That is, the triple point has 
р‹= 4.58 mm, t = 0.0075°C.* 

‘Since there are three phases ; F = 1—3 +2 = 0 
ie., the system is non-variant at the triple point. If either the 

` temperature or the pressure is changed, the three phases would 
not co-exist, one of the phases would disappear. 

It is however possible to cool water below its freezing point 
without solidification. The liquid below its freezing point is said to 
remain in supercooled state. This supercooled state is not quite stable 
and it is usually described as a mefastable state. The supercooled 
water has also its vapour pressure which changes with temperature. 
The vapour pressure curve of supercooled water is given by O.D (the 
dotted line in the figure) which isa continuation of AO. Theline ОЛ 
is above OB, the vapour pressure curve of ice, indicating that the 
metastable supercooled water has a higher vapour pressure than the- 
stable solid state at a given temperature. It is a general principle, 
that ‘the vapour pressure of the metastable phase is greater than that 
of the stable phase’. 

The sublimation curve ВО and the vapour-pressure curve of the 
liquid AQ have different slopes at the point О. 


Meee apd ы а оса 


TW DES 
Ls 687 al 
(dp[dT)on “т TV; "UT STU 


Hence the slopes of the two curves would be different. 


TWO COMPONENT SYSTEMS 
15.6. Liquid-Liquid Phases 


; Two liquids may be completely miscible in all proportions as: 
in the case of water and alcohol, or they may be immiscible as nitro- 
benzene and water. But if we add some phenol to water, first phenol 
will be dissolved in water but as the amount of added phenol in- 
creases, phenol will form a separate layer. In fact the water layer will 
contain dissolved phenol and the phenol layer will also have appreci- 
able amount of dissolved water. Such liquids are partially miscible. 


* Pure water actually freezes at 0.0024°C under 1 atmosphere, hence the- 
experimental value of triple point is 0.0075 + 0.0024. = 0.0099°C. 
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When two such partially miscible liquids (A & B) are brought toge- 
ther in appreciable amounts we have two saturated solutions in 
two layers—one of A in B and another of B in A — at equilibrium. 
These two solutions are described as conjugate solutions. 

The study of miscibility of. partially miscible liquid pairs are 
quite interesting. It is usually convenient to study such miscibilities 
under the external atmospheric pressure which is taken as constant 
and much higher than the vapour pressure of the components. 
Hence, in such studies of miscibility under constant pressure, the 
vapour phase is ignored. The mutual solubilities of liquids are 
represented graphically in a temperature-composition diagram. 

System : Phenoland Water. In Fig. 15e, ABis thesolubility curveof 
phenol in water. It gives the percentage of phenol dissolved in water 
at different temperatures, the solubility rising with temperature. 
On the other hand when 
water is added to phenol 
slowly small amounts of 
water are immediately 
dissolved but when the 
amount of added water 
is increased, the limit of 
saturation is reached and 
water forms a separate 
layer, The solubility curve 
of water in phenol is given 
by CB, the solubility again 
Increasing with tempera- 
ture, The two solubility 0 20 40 60. 80 100 
curves meet smoothly at wt. % phenol 
B (temp. 66°C, 33% Fig. 15e. Water and phenol (miscibility) 
phenol), 

; At a given temperature (say 40°), if we have x percent phenol 
in water, it will be completely miscible and a homogeneous solution 
will result. Keeping the temperature constant, if we go on increasing 
the amount of phenol, the solubility limit /, will be reached. Any 
further addition of phenol will give rise to two separate layers ;- 
(а) water in phenol layer and (b) phenol in water layer. That is, on 
the left of 1, a point will correspond to homogeneous solution and 
ontherighta point would indicate existence of heterogeneous system 
of two layers or phases. AB is thus the boundary between homo-- 
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geneous and heterogeneous conditions of the system. Similarly at 
40°C if wetakey percent water in phenol then it would be dissolved 
fully to produce homogeneous solution. Increased amounts of water, 
at const. temperature, will lead to the limiting solubility 1, beyond 
which two heterogeneous phases of conjugate solutions would 
appear. That is, any composition indicated by a point within the 
area ABC will correspond to heterogeneous phases, whereas any 
-composition indicated by a point outside ABC would lead to the 
occurrence of homogeneous equilibrium. 

Thus at 40°C if a mixture of 50% water and 50% phenol be 
shaken and allowed to settle, the two conjugate solutions will sepa- 
rate : one layer having composition as at /, and the other layer with 

-composition as at /,. The relative amounts of the two layers is given 
by the ratio, ОЉ/ОҺ. 

It is also evident that at any temperature above that of B, the 
two liquids would be miscible in all proportions. This temperature 
above which complete miscibility in all proportions takes place is 
‘called upper consolute temperature or critical solution temperature 
(C.S.T.) for the given system. 

In studying these solubilities, the pressure is always kept cons- 
tant. There is thus a restriction, i.e., one variable is fixed. Hence, 
F=C—P+1, 

For the homogeneous phase of the two component liquids, 


F=2-1+1=2 


It would be a bivariant system, So for homogeneous solutions both 
‘composition and temperature have to be defined. 
Forthe heterogeneous equilibrium with two conjugate solutions, 


Bead by M 


-i.e., the system would behave as a univariant one. So if either the 
temperature or the composition be fixed, the other would be auto- 
matically known from the diagram. 

At the critical solution temperature (B), there is an additional 

"restriction that composition of the two conjugate solutions must be 
the same. 


Hence = МЕЛ сц een 


Hence, the point B at the critical solution temperature is a non- 
‘variant point. 


| 
: 
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Many other liquid pairs behave like phenol-water system showing upper 
consolute temperatures (C.S.T given in bracket), such as : 
(а) Aniline/hexane (t = 59.6*C) (d) Cyclohexane/methyl alcohol (t = 49°С) 
(b) Phenol/isopentane (1=63.5°С) (e) Bi/Zinc (t = 850°C) 
(e) CS,/CH,OH (t = 40.5*C) (f) Aniline/water (t = 167°C) 


15.7. Liquid-Vapour Phase 

It was shown in Sec. 10-11 that the vapour pressure of a solvent 
over its solution is proportional to its mole-fraction (xi). This is 
Raoults' Law. 

pi = ХР 
where р, is the vapour pressure of the solution and p°; is the vapour 
pressure of the pure solvent. 

If a mixture of two volatile liquids be taken, both the com- 
ponents would obey Raoult's Law. 

Considera liquid pair 4 and B which are volatile and completely 
miscible and form an ideal mixture with mole-fractions x4 and xp. 
Their vapour pressures in the pure state are P4" and Рв. If p4 and 
рв denote the partial vapour pressures of the two components in 
the vapour over the solution, then 

ра = ХАРА Рв = ХвРв° 05.10). 
The total vapour pressure (Р) of the solution; Р = pa + рв, 
i.e., P= xaPa° + xpPp? = (1—xB)P 4? + хвРв° 
or P = P4* + (Pg —Pa?)xn Js 541). 


It is obvious that pa, 
Рв от. total pressure P 
plotted against molefrac- 
tion of either component, 
Say x4, would yield linear 
graphs as in Fig. 15f. 

, Inthisfigure, the solid 
lines represent ihe partial 
pressures of А and В. The 
dashed line is the total 
pressure of the solution 
at different concentra- 
tions. When xg = 1, pure 
Bis present, P = Pg? ; 


When хв = 0 pure A іѕ Fig. 15f. Vap. Pressures of ideal solutions 


0 
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present, Р = P49. And at їһесопс.хв = S, the total pressure 
SP = SR+ SQ. 

The equation (15.11) gives the relation between vapour pressure 
‚апа the composition of solutions. 

Such miscible liquid pairs in equilibrium with vapour have two 
phases and two components. Hence 


FHO-P+2 —2—242-2 


These systems would be bivariant. If the temperature be fixed, 
{һе pressure and composition would vary together, i.e., each com- 
position has a definite vapour pressure. 
But the Raoults' law is valid only for ideal solutions. In fact, 
‘ideal solutions’ have been conceived on the basis of the Raoults’ 
Law. For real solutions, it is applicable only at very low concen- 
trations. The linearity of the total pressure against composition 
(Fig. 15f) is seldom found. There is often a positive deviation or à 


negative deviation from the Raoults' law as shown in figs. (15g and 
15А). 


T Constant, 
T Constant 
^ 
EX ў 
5 
a 
0 04 08 ro ò y ^ ч 
CH, OH К e 04 98 10 
Mel Fraction CH; CO oH C,H,CH 
Mol fraction 
Fig. 15g. Vap-pr. of CSa- Fg. 15h. Vap-pressure of 


CH,0H system, positive 


toluene-acetic acid system, 
deviation. 


negative diviation 


.. The relation between fugacity. (or pressure) and composition 
»of a solution is given by Duhem-Margules equation (Sec. 10-9). 


апл _ dinf, 
dinN, dnN: 
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In the case of ideal solutions, fugacities may be expressed by partial 
pressures, hence 

d In P4 d In P, 

d in Ny din Ns 


dinPy _ 
dinN, | 


From Raoults’ Law, Pi — Nh Le. 
dinP, _ dinP, 


dinN, dinN, 
Hence, for a solution in which component 1 obeys Raoults' Law 
at all compositions, the other component will also obey it. This 
shows that the partial pressures also will beara linear relationship 
through the entire composition to the mole-fractions of the com- 
ponents in the mixture. In real solutions, this is seldom found. 

(a) In real solutions, the deviations from the Raoult's law шау 
be positive or negative. When liquids of different chemical nature 
are mixed, the solutions generally exhibit positive deviation. When 
liquids having strong affinities for one another are mixed, the devia- 
tion is usually negative. 

(b) With rise of temperature, the extent of deviation from the 
Raoult's law diminishes and the liquid solutions approach ideality. 

Non-ideal liquid solutions with positive deviation : Sincein such a 
'solution, there is a positive deviation, 

dinf, 
З din N, 
If the vapour pressures are not high, р, > р: 
"Оп the other hand, since for any solution, 
fu, dmi hee Pa > Ns 
"Ог, if there is a positive deviation from Raoult's law for one com- 
‘ponent, the second component must also exhibit positive deviation 
(see Fig. 15g). 
We further know, that with rise of temperature the deviation 


= 1 


> 1; he, fy > iNi 


decreases. It means that D gradually diminishes with increase 


in temperature and tends to become equal to N,. By using equation 


:(10.12), we have 
р In f е 
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H? is the partial molar heat-content in the pure state of 


Eoo UR 7 Нә —H, _ 
componentl. As DO diminishes with increase in Т, hence RO 


must be a negative quantity, or 
б H, H,° 


; 
ie., partial molar heat-content of the component 1 in solution 
js greater than the molar heat-content in pure state. Similarly, for 


"the other component, Ha > Ж. 


Hence, „М.Н, М.Н» > Мо + NaH i 1 

Or, the heat-content of the solution is greater than the sum of 
the heat-contents of the components in pure state. 

Wearethusled to conclude that positive deviation from Raoult's 
law is observed when solutions are formed from the pure compo- — 
nents with absorption of heat. Systems like water-alcohol, ethyl 
alcohol-heptane, show considerable positive deviation. 1 

Nontideal liquid solutions with negative deviation. : For liquid 
solutions which deviate negatively from Raoult’s Law, ] 


dinf, 
din N, 
So also, for the 2nd component, f; < 4%». 


When one component of a solution shows negative deviation» 
the other component would also exhibit the same (See Fig. 15h). 


<A, oor fy ыу Аз 


т * 8 In f 
As in the previous case n) 


ОН Hs 
EOD Ea RE. 


Since with rise of temperature the deviation decreases, so the solu- 


tion approaches ideality. Hence; 5 increases with rise in tem- А 
perature, and tends to become Еа to М. 
So, H,° — Ay is positive, or Hi? > Ay. 
For the second component also, #9 > H;. 


It is obvious that the heat content of the liquid solution is less- 
than the sum of the heat contents of the pure components. We. 
thus arrive at the conclusion that the negative deviation from the 
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Raoult's law is observed in cases where solutions are formed from 
the pure components with evolution of heat. Systems like hydro- 
chloric acid and water, ether and chloroform, pyridine and acetic 
acid, etc; are examples which exhibit negative deviations. 

Total vapour pressure and composition of liquid solutions. Tt is 
possible to obtain an idea as to how the total vapour pressure of a 
binary solution would change when the composition in the liquid 
solution is altered, 

Consider a system containing two components 1 and 2 both 
in the liquid and in the vapour phase, Suppose in the liquid phase,, 
the mole-fractions of the two components аге N, and М» and the 
mole-fractions in the vapour phase Ny’ and №". Let the vapour 
pressures be denoted by P, and Ps. So that the total pressure 
Р = P,+ Ps. 
dinf, _ dinf, 
dinN, аЛ 


Assuming that vapours. behave practically ideally, though the 
liquid solution may not be so, then / 


din P, din Ps 
din Ni din Ns 


We have, 


M,dP, _ № dP, 
or RW CUM A pa LSU 


dP, _ МР, аР; 


d aN, ~ АР. dN, 

Now, M,+N,=1, or aN; =i— dN: 

and P = Py + Pa 

Hence, ар dPy) аР» МР, Ps Рз 85 


dN, . aN, dM, NiP: ам № 


_ dP, (NP, ROI UE 
= е [ХЕ L] PER 4o 


Since T is-always positive (vapour pressure always rises with: 
x 2 
increase in its concentration in the liquid), and i 


if МР, 
+ NiP 


I A, is positive. 
28 
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e Pisces у АВ: гл: wi 
i.e., if P; = NS aN, is positive. 
з Ў BSUUN 
But the vapour phase being regarded as ideal ; BON 
dent ING oe РИИ 1 NON jt 
So if Ny > XM! aN, is positive, 


This means that total vapour pressure (P) will increase with the 
increase in the mole-fraction of the component which is present 
relatively in higher proportion in the gas-phase than in the liquid 
phase... . (А) 


Again, ps is negative, if Nb < Da 
That is, the addition of component which is relatively less in gas- 
phase thanin liquid phase will lower the total vapour pressure. . . (B) 
These conclusions (4) and (B) had been embodied empirically 
by Konowaloff in a general principle from experimental observa- 
tions. The principle is often mentioned as Konowaloff’s Rule 
In real systems, there is a maximum or a minimum in the 


vapour pressure curves and at such points ra = 0, From 
1 
equation (15,13), 


MB NN _ 
NUS C El 
; № Ny 
1.е,, Ny AT Ne 


That is, in such citmustances, the composition in the vapour-phase 
and the liquid phase at equilibrium would be the same, 


15.8. Solid-Liquid Equilibria : Eutectic Systems 


Eutectic System. А simple binary system consists of two 
substances, which are miscible in all proportions in the liquid phase 
but do not chemically react. A mixture of naphthalene and salol 
will make such a system. Suppose we start with a liquid mixture 
of 50% naphthalene (m.p. 80°) and 50% salol (m.p. 42°) initially, 
say at 70°C(x), kept in а closed chamber in vacuum. There will be 
Опе Vapour phase containing small amounts of the vapours of 
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the two constituents in equilibrium. Under such conditions, С = 2 
andP = 2. Sothenumber of the degrees of freedomis2. It means 
that if the composition and the temperature be fixed arbitrarily, 
the vapour pressure is defined. If the system be now progressively 
cooled, a solid phase of pure naphthalene would separate at a tem- 
perature 60°C nearly, There are now three phases. The degree of 
variance would now be unity, forC = 2,P = 3. In other words, 
at any given composition, there can be only one temperature when 
the three phases would co-exist. Conversely, for any given tempera- 
ture, there would be a fixed composition of the system. 

If t he system be kept undera constant pressure (say atmospheric 
pressure, which is much higher than the vapour pressures of the 
constituents), the pressure variable is restricted. We may now 
consider only two phases, the solid and the solution. On further 
cooling of the system, more and more solid naphthalene separates 
and the composition of the liquid-phase will alter. The equilibrium 
temperature, or more commonly called the freezing temperature, 


Salol —> 
Fig. 15i. Phase-diagram of naphthalene-salol system 


will vary with the alteration of the composition. From cooling- 
curve study, we can determine the freezing temperatures of the 
Systems with different compositions. Plotting these, we get a phase-. 
diagram as in Fig. 15i. The curve AB represents a univariant 
System of the co-existing phases—solution and solid naphthalene— 
under constant pressure. 


^ 
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On the other hand, when à liquid mixture of 1075 naphthalene 
and 9097 salol (x^) is progressively cooled, solid pure salol would 
separate at 35°C approximately at y’. Under the restriction of a con- 
stant pressure, solid salol and liquid mixture of a given composition 
ii will be in equilibrium at a fixed temperature. On progressive cool- 
ing, more and more solid salol would separate and for every com- 
position of the system, there would be a definite temperature. This 


8 univariance of the system is represented by the curve CB. The 
|. two curves intersect at the point B. АП points lying above the 


, curve ACB represent conditions under which only the solution- 

phase exists. If a solution represented by the point x be cooled, 

| the temperature falls but the composition of the liquid remains 
the same. At the point y, crystals of naphthalene separate and the 
concentration of salol in the solution begins to increase. The system 
can now only exist in equilibrium when the state of the system 
follows the curve yB. That is, as more and more naphthalene 
separates, the freezing temperature changes along yB. Similarly, 

a solution represented by x’, on cooling first changes along x'y’s 
and at y’, solid salol separates. There is now a drop in concen- 
tration of salol in the liquid-phase and the system will be in equi- 
librium only when it follows the path y’B, with continuous separa- 
tion of salol, At B, the liquid mixture, solid naphthalene and solid. 
salol will be in equilibrium arid hence, 


F 


ЇЇ 


C—P--2—1 (restriction of constancy of pressure) 
2—342—1 4 9 \ 
That is, the system at В, becomes non-variant. This point is called 
the eutectic point and at this point the system is at the eutectic tem- 
perature having eutectic composition. 1f any of the variables of the 
system at this point be altered, one of the phases would disappear. 
Below the eutectic temperature, the liquid phase is non-existent. 
The experimental value ofthe eutectic temperature of this system 
is 25.49*C. with a composition of 22% naphthalene. If we assume 
the validity of the laws of the ideai solutions in this mixture, then, 


woke ca Nagy В sd 
leg Nan 730512 7 


The latent heat of fusion of naphthalene is given by, AH = 
—2375 + 38.107 — 0.0537?. Accepting the. experimental value - 
of N,, the eutectic temperature calculated with the above formula, 
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is found to be 24.7; C. This shows the system is only slightly non- 
ideal. 4 te ] i 

(b) Aqueous salt solution. The most common binary system 
of this type is that of common salt and water. The phase-diagram 
of this system under constant atmospheric pressure, at low tempera- 
ture, is given in Fig. 15]. In cooling a very dilute solution the crystals 
of pure ice separate, whereas if a solution containing a little more 
than 30% common salt is 
cooled, the salt separates as 
dihydrate crystals, NaCl, 
2H;0. That means, when a 
solution represented by ‘a’ 
is cooled, it would give ice 
crystals when the point ‘b’ 
is reached and then the NaCl, 2H20 
equilibrium will shift along T Son 
the freezing point curve АВ. 
Again, if a solution repre- 
sented by ʻa” be cooled, the $ 
solid phase separating at А m в 
*b^ will be NaCl, 2H,O, and 
with further separation of Fig. 15j. The phase-diagram of the 
the same, the equilibrium system (NaCl and Н.О) 
State of the system will 
follow the path CB. That is, CB is the solubility curve of NaCl, 
2 H,O. AtB, which has been found to have the temperature (—21°C), 
ice, dihydrate sodium chloride and the solution will be in equili- 
brium and so the point will be invariant. This corresponds to the 
eutectic point of our previous example and because one of the 
components is water, it has the special name of ‘Cryohydric point’. 
Below the cryohydric point (—21°C), liquid phase cannot exist. 
It is evident then that the freezing point of water can be lowered 
by addition of NaCl, to the extent of 21° at the most. © ‹ 

The upper limit of temperatue for the existence of the dihydrate 
salt is + 0.15°C. Above this temperature, there is the transition 
to the anhydrous state 


NaC] —- 


NaCl, 2H,O = NaCl + 290 


1f a more concentrated solution of the salt be cooled then only 
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anhydrous NaCl solid will separate, the solubility curve of the 
anhydrous salt runs along CD. 

The behaviour of this system as a common freezing mixture 
can be easily understood. Suppose we add some salt to ice and 
water at about — 5°С. The water will dissolve some of the salt 

Сапа ice will no longer be in equilibrium with the solution. Some 
"of the ice will melt to dilute the solution. This, in turn, will dissolve 
more salt and the process will be repeated, The heat required for 
the melting will be extracted from the surroundings and thus the 
System will behave as a cooling agent for the neighbouring system. 
If the system is isolated, the heat will be extracted from itself. In 
this way the temperature will fall until the cryohydric temperature 
(—21*C) is reached, when ice and the solution can exist in equili- 
brium with the salt. 


15.9. Pressure-temperature variation in binary systems 


Fora system containing a pure substance, the pressure-tempera- 
ture relation is given by Clapeyron equation. For multi-component 
systems also such relations can be deduced. To make the treatment 
simple, let us consider a binary system present in three phases in 
equilibrium, Suppose the system contains a saturated solution 
of a salt in contact with a solid phase of the pure salt and a gas 
phase containing the vapour of the solvent. The salt is. non-volatile. 

Let the functions relating to the salt be denoted by the suffix 
‘a’ and those of the solvent by ‘b’. Further, the solid phase and the 
gas phase are indicated by single and double primes respectively, 
whereas the solution phase will be without any prime. 

Suppose the system undergoes a change dT in temperature with 
а pressure-change dP. In consequence let па moles of solid phase 
pass into the solution and, in order to retain equilibrium, n; moles 
of vapour are transferred into the solution phase. The changes 
in the chemical potentials of the salt will be given by : 


(i) in the solution phase, 


= диа дна ди 
die = 3p dT + gp dP + 522 dna 


= — SadT + VadP + 


диа 
TE dna 
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(ii) in the solid phase, remembering solid phase is pure salt, 


dus = d dT + два d 


= — Sa'dT + Угар 


Under conditions of equilibrium, the chemical potentials of the 
salt in the solution and the solid phases will be equal and hence 
changes in the same must also be equal, i.e., dua = da’. Equating 
(i) and (ii), we have 


Gi) —(%—5)аТ + Fa—Va')aP + (uie) dna = 0 


Exactly in the same way, for the transfer of dn, moles of vapour 
from the gas to the solution phase, we have 


i E 8, 
(iv) =o- SAT + Po—vodP + (522) dm = 0 
Multiplying (iii) by ла and (iv) by z» and adding, 
(0) —т% —Sa'JAT + пара Va! dP + na (22) апа 


—no(Sp—Sp")dT + пь(Уь— Иь")АР + no 2n) dno = 0 


Now Na (2) dna + nb 2) dny 


= Nadua + nyduy = 0, from Gibbs-Duhem relation. 
Therefore, the equation (у) can be rewritten as, 


[na(Va—Va')+no(Vo—Ve')dP = [na(Sa—Sa’)-+-no(Se—So')]aT 
dP _ паа + пь$ь—(па$а' + пъ) 


naVa -.пьЙь=%паЎа' + noVo') 


in which the numerator on the right-hand side is the net-change 
in entropy and the denominator the net-change in volume, 


ар _ AS _ AH 


dT AV ТАЙ - 


The measurable heat and volume effects will thus enable us to deter- 
mine the pressure-change on variation of temperature along the | 


or 


440 THERMODYNAMICS 


three-phase equilibrium, The equation is quite similar to that of 
Clapeyron. Such treatment may also be extended to other multi- 
component systems. "wet 


15.10. Displacement of equilibrium 
j Suppose in a heterogeneous system of several phases, we have 
à chemical reaction, 
Ai + Аз = Ag+ Ag 
Further assume that there is phase equilibrium, but an infinitesimal 
chemical reaction takes place. Then, if x be the degree of reaction, 
the Gibbs potential change, 
dG = VdP—SdT + (uy + ра —ра)ах 
p-terms are the chemical potentials of the components. 
At ейт, (dG/dx)r,p. = us шиа иа 

When both chemical and phase eqm. exist, dG/dx = 0. 

Suppose now, the system shifts to a slightly different eqm, 
changing the pressure by dP.and temperature by dT. The degree of 


reaction will also change. But d(dG/dx) = 0, i.e., change in dG/dx 
would be nil. 


Remembering, G being a function of x, P and T, we have 


dG) _ ac 2G eG 
а (2) = ài + Span © + Sree dr 


- $e & auo) E (86) т 
2S dx 4204 +a So 
6а = SS at = а 
c (ад), [nass обвр % 
ма (25), = — Pops]; 2) 


Since, at едт, G is minimum, hence 0*G[0x* is always positive. 
Бап, (A) shows that increase of temp. will cause a reaction to move 
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in a direction where heat absorption will occur. Eqn. (B) shows 
that an increase of pressure will causea reaction to follow the path 
so that volume would decrease. 


Problems 


1. Establish the Phase Rule. 

What maximum number of phases can remain in equilibrium in a two- 
component system? Illustrate, 

How many independent components are present in the following systems: 

(i) Ca(HCO |), at high temp. (ii) graphite and diamond (iii) mixture of Zinc 

oxide and carbon at higher temperatures. 

2. Show that in the P—T phase diagram for water, the three curves shall 
meet at the same point (Triple point). 

3. Two volatile liquids A and B form an ideal homogenous mixture at a 
constant temperature. Show that the mole-fraction (№) of the component 4 in 
the liquid and the gas phases would be given by 


e o pe 
NA = AA g and Ng = ^ (5 TEEN ‚ where P = total pressures 
РА РВ 

4. Bismuth (m.p. 546°K) and Cadmium (m.p. 596*K). form homogeneous 
mixture in the molten state. The eutectic point of this system is Np, = 0.45 
mole-fraction, Teu = 413°K. Compute the latent heat of fusion of cadmium, 

5. Explain with examples : (a) Triple point (5) Critical solution temperature 
(c) Eutectic point. 

What is meant by an invariant point? Are these invariant ? 

6. The уар. pressures of pure methanol and ethanol at 20°C are 88.7 mm 
and 44.5 mm. What will be the total pressure over a mixture of the two con- 
taining 40% methanol by weight. Also give the composition of the vapour 
"phases. Ans. 66mm. ; 57:1% methanol by wt. 

7. The vapour phase over a mixture of benzene and toluene at 80°C contains 
70 mole percent of toluene. What is the composition of the liquid phase in едт. 
with this? At 80°C, p°penzene = 753 mm. p"iomene = 290 mm. 

8. When toluene is added to acetic acid, there is an appreciable evolution of 
heat, Would you expect the vapour phase of the mixture to conform to Raoult's 
law? If not, what deviations you expect and why? 


CHAPTER 16 


THE COLLIGATIVE PROPERTIES ОЕ 
DILUTE SOLUTIONS 


‘The dilute solutions having low concentrations of the solute 
tend to behave ideally and obey Raoult’s Law. The addition of a 
solute lowers the free energy of the solution and we shall see other 
Properties are affected; the vapour pressure is lowered, the boiling | 
point is raised, the freezing point is depressed, etc. The extent of 

these changes brought aboutin the solutionis dependent only on the 
number of solute particles. Such properties of the solutions which. 
depend on the number of particles are called colligative properties. 


16.1. Lowering of vapour pressure of Solutions 


Consider a dilute solution of a non-volatile solute dissolved in 
a liquid solvent. The parameters of the solvent are denoted by 
suffix 1 and those of the solute with suffix 2. The mole fraction об 
the solvent is ху. ` 

From Raoult’s Law, Рі = р; 
where р, and рү? are the vapour Pressures of the solution and the 
solvent respectively. 

Since x, isless than 1, hence py 
is always less than p,°. That is, the 
Presence of the solute will always 
lower the vapour pressure of the 
solvent. 

Itis'also a common knowledge 
that the vapour pressure of the 
solvent over the pure solvent or 
over the solution always increases 

Temp ——. with rise in temperature (Clapeyron 
Fig. 16a. Vap-pressure and equation). These are graphically 
temperature of pure solvent presented in Fig. 16a. 
and solution Rewriting Raoult's Law, 
= (1—x. 
Where x; is the mol-fraction of the у а e 


[Vapour pressure p —» 
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Therefore a = X23 Le, OP = Xs {а (16.1): 


Raoult’s law, in this form, may be stated as that in dilute solutions 
the relative lowering of vapour-pressure of the solvent is equal to the 
mol-fraction of the solute. 


Pi-P; _ Ng 


рї 5 D, +N 


7, п» are the gm-moles of solvent and solute respectively. For a 
dilute solution, n, > no, hence 


Ар ут 
р = x sien (16.2) 


For a definite quantity ofa given solvent, n, and p,° are both cons-. 
tants, 


i.e. Ap o ns 


which means that equimolecular quantities of any non-volatile solute 
dissolved in the same quantity of the same solvent will produce the 
same lowering of vapour pressure. Thisindeedisa direct consequence 
from the Raoult’s law. The lowering of vapour-pressure is thus a 
colligative property as it depends only on the amount of the solute 
i.e., the number of molecules and not on their nature. 


16.2. Osmotic Pressure of Solutions 


Suppose a solution A is kept separated from the pure solvent B- 
by the semipermeable membrane X as in Fig. 16b. 

The concentration of the solvent is x, mol-fraction and 
that of the solute x, mol-fraction. The temp. is kept constant 
throughout. 

ү Let the pressure initially over both the solvent and the solution 
е PG: 

H? = chemical potential of the solvent іп the pure state under 
Pressure Py and ш, = chemical potential of the solvent in the solu- 
tion under the same pressure Po. 
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In order just to prevent osmosis, the pressure over the solution - 
is raised to Р. Then, the osmotic pressure (7) is 
т = P—P, .. „Ө 
Letj4( be the chemical poten- 
tial of the solvent in the solution | 
under pressure P. At-equilibrium, 
the chemical potentials of the 
solvent in the solution and in pure 
state must be the same, i.e., 
Mat) = pa? „0 09 
Now, under the pressure Po, 
the chemical potential (p°) of the 
pure solvent is changed to ш, due to 
thepresence ofsolute (eqn.9.21). 
Fig. 16b Hence py = p? + RT In x, 
Osmotic Pressure ... (iii) 
Again, in the given solution, 
"the chemical potential of the solvent is ш under pressure P, and 
it changes to mig) under pressure P, hence 


rom nt f 2»), ар ae i. dP 


а, 
oP s 
which is supposed to remain the same in dilute solutions, 


‘Since = V,, where V,isthe molar volume of the solvent 


: Р 
We have, Hag) = № + Í V,dP 
Po 0$ 


^ ^er Ea) uu ОЕ РР!“ Р} чырр I.» 
| Substituting (iii) in (iv), 
Pag) = що + RT In xy + Vir 
But from (i), p) = 9, hence, пў, + RT Inx, = 0 


or тў, = — RT Inx, = —RTIn(i—x,) 
Asin dilute solution, x, is small, In (1—x,) e eA 


zs тӯ, = RTx, 1. 063) 


yi: _ RT n RT n _ п» 
Rewriting, т = ART = Du nm RT E 


wherev = total volume ofthesolventandz-terms are the respective 
gm-moles. 
Therefore, 7 = RTo «++ (16.4). 


^ where c; is the molar concentration of the solute. 

The osmotic pressure thus depends on the concentration only 
t a given temperature, i.e., on the number of molecules, It is thus 
а colligative property. The equation (16.4) has to be modified if the 
‘solute bzanelectrolyteasthe numberofparticlesin solution increases . 
e to dissociation. 


16.3. Effect of temperature on the composition in different phases 


Consider a liquid solution in equilibrium with its vapour. If the- 
_ temperature of the system be altered, the composition of both the- 
| phases will be affected. But in any given temperature, the fugacity 
“оГ any component must be the same in both the phases, To take a . 
"simple case, let us consider a binary solution with both the compo- 
ments | and 2 in the liquid as well asin the gas phase. The different. 


functions of the system may be denoted as follows : 


p 


i 
Partial Molal , 
Heat content in 


Mole-fraction in Fugacity in 
Liquid Gas Liquid Gas 
; al 


One, two and three primes are used to indicate liquid, gas and solid phases. 
ipectively. f 

Now when the temperature is raised by dT, the composition in’ 
oth the phases will alter, Let us take any one component (say, ' 
Component 1), then the change in fugacity of the component in 
logarithmic form in the two phases would be, 


dinf = (Су (Сэ jam 
Р,М,/ BT 


anf,” aint," 
d ee ER 1 S 
Fane ( ar )s at CONF ам: 
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Under conditions of equilibrium, the two expressions are equal to 
-one another. Therefore, 


ami) ye (mN o, q(0I£f/y a inf," 
( aN ) ds (ane a = Sr) at ( ат 


PT aN,’ Р,Т P,N,’ or PN,” 
>. (16:3) 


The variation of fugacity with temperature is given by 
ә H? — 


H 
“ӨТ |p ЕТЕ, (see eqn 10,12) 


‘Substituting this, we may write, 
(S ayy (88 ay A нй yr 
(эл) =( gn Jav =| gei nr 


Int Н, 
prre 


in which Hy’ and Я," are the partial molal heat contents of the 1 st 
component in the two given phases and H,° is the molal heat content 
:of the component in the standard state. This relation will hold 
true whether the different phases, liquid or gas, behave ideally or not. 
"Obviously, (H;" — H,')is the molal heat of vaporisation of the com- 
ponent 1 in solutions approaching ideality, (i.e., very dilute solution). 
So, 


ð Inf,” , [9lnf, ‚ _ АНЬ 
(Эл a -(®л^)а%®' Аат аво 


A similar equation for the other component will also hold true. 

On the other hand, if a binary solution be in equilibrium with 
a solid phase containing solid solution of the two components, 
then proceeding in the same fashion, we should have, 


оше Vy — (21h) ayn ЛН 
( IN, )as. =f IN,” as cp dh 20001617) 


RT 


AH, = molal heat of fusion of component 1. 
N," = mole-fraction of component 1 in the solid phase 
f," = fugacity of component 1 in the solid phase. 
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{ a Let us now impose the restriction that both the gas and liquid 
‘solution phases are ideal. Then, at constant pressure, 


f = ПМ, and f = "М," 


or аё = dinN,' = ze 
1 
E. inf As 
í ам Ny 
dinf," dinf,” _ 1 


ilarly, 


1 
dN, rg Ne and dN," E N” eee (16.8) 


stituting these in equations (16.6) and (16.7), we have in ideal 
5, at constant pressure, 
- @) Solution-gas systems, 
алу aN,’ _ AB 
NY м RE 
aln N'IN’) _ AH ; 
or me = AD ... (16.9) 


- (ii) Solution-solid phase systems, 


P (оа м0) дн 


ЭТ pU RE +++ (16.10) 


0.4. Elevation of Boiling point of Solutions 

It is common experience that when a solute is added to a liquid, 
? boiling temperature is raised. 

In a dilute solution, the solvent component obeys Raoult's 


and behave ideally, we can thus apply to it the relation (16.9). 
is, 


RM yx om) _ Ань 
Р Р 


or or RT? 


Let us consider the solution at its boiling temperature T, in 

quilibrium with vapour, and further suppose, the solute is a non- 
Volatile one, That is, the vapour consists of practically pure solvent, 
Nf = 1. Hence, at constant pressure, 


( dln N,' AH 


or ГЕ | ЕТ 
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Integrating this between T, the boiling-temperature of the 
solution and T», the boiling-temperature of the pure solvent, 


aN КАНЫ NIST HASM Л лн» T-T, 
а КК) DORR TT, 
х Hy T-T, 

or^ mO’) = - 2" TT 


AH» is assumed to remain constant in the small temperature 

range. In a dilute solution, N,’ is very small, hence 

wy = АВ (p.m), since (ТТ, © ТО) 
RT, 
= RI 
~ АНЬ 
All the quantities on the right-hand side are positive, and hence 
(T-T) is positive. This means the boiling point of the solution 
is higher than that of the pure solvent. The equation gives the 
t quantitative relation for the elevation of the boiling point to the 
‚ mol-fraction of the solute in the dilute solution of a non-volatile 
non-electrolyte. 


or T—T, М, 


rU КЕТҮ 
М = т) ЖИЫ ‚.. (16.11) 


Substituting the molal heat of vaporisation АНЬ by more familar 
symbol, Ly. 4 | 

In a solution in which ‘a gm. of the solute are dissolved in 
Ф gm of the solvent, the mol-fraction of the solute, 

п» nj n a|Ms _ aM, 
ques mtm m' ЫМ, БМ, 
Where, М, and M; are the mol-weights of the solvent and the’ 
solute respectively. \ 
AT) a ЕТ? ахм, 


№ = ‚.. (16.12) 


Lv `ЬхХМ> 
which may be rewritten as, 
: a 
At = REE ал000. gre 371900 
=. iopo 9XM, 1,x1000' Ъ 
y * 


or AT, = Кыт «2» (16.13) 
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where ly = A = latent heat of vaporisation per gm, and 
1 
= 9100 = molality of the solution, (i.e., no. of 
2 
gm-moles of solute per 1000 gm of solvent.) 
2 
Fora given solvent, tm is a constant (T, being the 
v 


boiling point and /,, the latent heat of the solvent). This constant, 
denoted by Къ, is called the molal boiling point elevation constant 
of the solvent and is different for different solvents. If the solu- 
tion is 1 molal (i.e., 1 gm-mole solute per 1000 gm solvent) then 
AT» = Ky. Therefore, the molal boiling point elevation constant is 
- the elevation of the boiling point of the solution whenl gm-mole 
solute is dissolved in 1000 gm of solvent, We canstate thelaw of 
elevation of boiling point as : 
“The elevation of the boiling temperature of a given solvent due 
_ to the presence of a solute is directly proportional to the molal con- 
centration of the solute and is independent of the nature of the solute.” 
It is thus a colligative property, the elevation of the boiling 
temperature depending only on the number of dissolved solute 
particles. 


16.5. Depression of Freezing point of Solutions 


Next we may consider the freezing point of solutions. Suppose 

à dilute binary solution is in equilibrium with the solid phase at its 

freezing temperature T. Assuming conditions of ideality for the 

ERN component in the dilute solution, we may use equation 
16.10), 


зам) Ex oem") _ АН; 
ӘТ Јр ӘТ [> RT? 


Where N,' and №," are the mole-fractions of the solvent in the 
liquid phase and in the solid phase respectively. If the solute is 
practically absent at the solid phase, then №," = 1. So, 


К 
^ 

ў i nM | = AH; 
5 A le 
- Integrating, In Ny’ = — A “4 c (constant) 


29 
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When Ny’ = 1 (pure solvent), T = Ту, the freezing point of 
the pure solvent. 


c= Ав т, 
Substituting 
or mamn) = – 24 ce [^ ТТ, кз TV] 
OM = 20 11 
or AT, 2 тт AM n TE NV 1... (06.4) 


Since the quantities on the right-hand side are all positive, hence 
Ty > T. That is, the freezing point of the solution is lower than . 
that of the pure solvent. The depression of the freezing point is 
proportional to the mole-fraction of the solute. 

As in the previous section, for a solution containing ‘a’ gm of 


the solute in ‘b’ gm of the solvent, №’ = т, (eqn 16.11). 
3 WA 


2 
So that ATs T ae 
_, RT ах1000 
or ATs = p X000 DXM; 
ог АТу = Кут MAGIS) 


2 
where E = Ky, molal freezing point depression constant of 
the solvent, / = latent heat of fusion per gram of the solvent, 
and m = molality of the solution. 

If m = 1, then AT = K;. Hence, the molal freezing point 
depression constant is the depression of the freezing point of the 
solution when 1 gm-mole of the solute is dissolved in 1000 gm. of 
the given solvent. 


The law of the depression of ће: freezing point may then be 
stated аз: 


D 
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“The depression of the freezing temperature of a given solvent 
due to the presence of a solute is directly proportional to the molal 
concentration of the solute and is independent of the nature of the 
solute.’ 

The depression of the freezing point depends on the concen- 
tration of the solute only and hence it is a colligative property. 


_ 16.6. Molecular weight determination from the laws of dilute solutions 
} The dilute solution laws have been quantitatively expressed as : 


Law 


б Р-Р _ т _ eM 
(a) Raoult : pak pi Tp: EM 


(b) Osmotic pressure : т = cRT = AUNT 
m ^ zi a x 1000 
(c) Boiling-point elevation : AT, = Kp ———— bx M; 
А А УУ es ах 1000 
(d) Freezing-point depression : ATy = Кух ЖУМ; 


where the dilute solution contains ‘a’ gm of solute (mol-weight М») dissolved 
in > gm of solvent (mol-weight M,) or V litres of solvent, at temperature Т. 
zd ` It is comparatively easy to determine experimentally the lowering of vapour 
| pressure, the osmotic pressure, the boiling point-rise or the freezing-point depres- 
‘sion of a given solution. If the quantities of the solute (a) and of a known solvent 
| b) are known, the use of the above formulae would enable us to determine the 
_ value of Mi, mol-weight of the solute. In text-books of physical chemistry, 
various methods for the determination of osmotic pressure, vapour-pressure 
_ lowering, rise of boiling point or depression of freezing point are given. In fact, 
|. the most common practice of determination of the mol-weight of a solute is by 
_ determining accurately the freezing-point depression or boiling-point elevation 
3 say, by Beckmann apparatus) and employing equation (c) or (d) as the case 
- may be. 
B It is however necessary to know the value of Къ or Ky, the molal elevation or 
depression constant of a solvent. It can be done in two ways. *Къ' or ‘Ky’ can be 
calculated from the knowledge of the latent heat and the potins point or melting 
Point of the solvent with equations, ! 


eR Tp aay 
* = T1000? 7.7 “171000 
_ Alternatively, the equation AT) = Kom (or ATy = Kym) can also be used. These 
equations are valid in dilute solutions only, and so the measurement of AT 


‘witha molal solution will not be correct. A dilute solution with a definite amount 
ofa known solute dissolved ina given amount ofa known solvent should be taken 
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and the boiling point or freezing point of this solution should be accurately deter- 
mined. Thus, in equations, 


ax 1000 aX 1000 
ЖМ КО МЕ У Тм. 


all the quantities except Къ or Ky would be known, and thus their values сап be 
easily calculated. Some numerical problems are worked out below to illustrate 
these, The molal boiling point elevation constant, Къ, and the molal freezing 
point depression constant, Ку, for some common solvents are listed below: 


AT, = Kp 


TABLE : MOLAL ELEVATION CONSTANTS 


Solvent BP: Kp Solvent ВР. Kp 
Water 100°C 0.513 Carbon- 

Ethyl alcohol 78.3 12 tetrachloride 768 502 
Acetone 56.0 1.7 Benzene 80.0 | 2.6 
Chloroform 61.0 3,85 Acetic acid 118 2.52 


TABLE : MOLAL DEPRESSION CONSTANTS 


Solvent ЕР. Ky Solvent Е.Р;. Ку 
Water oc 1.86 Nitrobenzene 5.6... .699 
Acetic acid 16.5 3.9 Cyclohexane 6.5 20.2 
Benzene 55 5.12 Naphthalene 80.2 7.0 


Problem. The melting point of phenolis 40°С. A solution containing 0.172 
gm acetanilide (C,H,ON) іп 12,54 gm phenol freezes at 39.25°С. Calculate the 
freezing point constant and the latent heat of fusion of phenol. 


the freezing point depression, AT = 40—39.25 = 0.75 
mol-weight of solute, acetanilide (C,H,ON) = 135 


AT.b.M, _ 0.75 12,54 135 


Hence, Ку = = Ri 
im 7 7 Gx 1000 0.172 x 1000 ЕН 
HM xj a, ЕТ? 2x13 


1751000 ~ Tx 1000 


& 2 
latent heat of fusion of phenol, /; = am = 26.5calories per gm 


Problem 2. The freezing point of pure benzene — 5.44°C and that of а 


solution containing 2.092 gm of benzaldehyde in 100 gm of benzene is 4.44°С. 
Calculate the mol-weight of benzaldehyde, when К; гу for benzene is 5.1. 


a x 1000 


T= 
ce bxM, 4 
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ax 1000 2.092 x 1000 
iita net = xS = 106. 
PXAT = 100x(544—444) ^ — 1066 
4 s Problem 3. The boiling point of acetic acid is 118,1°C and its latent heat of 
poration is 121 cal. per gm. А solution containing 0.4344 gm anthracene: 
4.16 gm of acetic acid boils at 118.24°С. What is the mol-weight of anthra- 


RT’ ax1000 v 
sse ТЕО Ex ATARI EAD Ls 
L 0.002% (391.1) 0.4344 1000 _ 49 | 
m 121 '4416x014. 


Problem 4. At 100°C the vapour pressure of a solution of 6.5 gm of a solute 
00 gm of water is 732 mm. What is the boiling. point of the solution ? 
= 0.52). Assume the iaw of dilute solution. ' 


At 100°C, the vapour pressure of pure water B - ` 760 mm. 
AP = Р„—Р = 760—732 - = 28 mm. 


m АР _ 28 E 
WS PISOS ei 

ax 1000 n,X1000 | 
MERI or LACER 


D M, 
T Мец" 
m 1000 28 100 52. 
= koc — Хх м, ipie 18 1.065 


ОКУ! 


2 the boiling temperature of a solution, T = 101.064°C. 


ure, lowering of чава pressure, elevation of boiling sen 
"for dilute solutions seem not to be valid when the solutes are 
lytes. Much higher values for osmotic pressure, elevation 
iling point, etc. are Obtained ‘by ‘using electrolyte solutes.’ 
Hoff introduced a factor, ‘i’, to contain the deviations from 
l equations in case of solutións of: electrolytes, expressing, 


Tideal = CRT, Tobserved = iC.RT Shenae (16.16) 


erefore, 1 qe E (16.17). 
ум 32801 send 
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The van't Hoff’s factor ‘i’ is thus the ratio of the observed 
osmotic pressure and the ideal osmotic pressure. 

It was further found that for a given solution of an electrolyte 
the deviation in any colligative property would be the same as that 
in osmotic pressure, i.e., 


i = "оъ _ AT yobs) _ ЛТыәыу _ Ар ... (16.8). 
TT theo AT theo) — INTbheo) AP (theo) 


Inhigh dilutions, ‘i’ tends to the numerical value ‘two’ for electrolytes 
like NaCl, MgSO,, HNO,, etc. For electrolytes like H,SO,, CoCl, 
etc. the value approaches ‘three’ ; for K;Fe(CN),, the value tends 
to ‘four’ and so on. 


TABLE : VAN'T HOFF FACTOR ‘i? FROM OBS. ATy FOR 
DIFFERENT ELECTROLYTES 


ко шш 
/ Molality 

Electrolyte 2 

1.00 0.1 0.01 0.001 
NaCl 1.81 1.87 1.94 1.97 
нс! 2.12 1,89 1.94 1.98 
CuSO, 0.93 1.12 1.45 = 
HNO, 1.89 1.96 1.97 


H;SO, 2.7 2.12 2.26 2.82 
CoCl, m 2.62 2.75 2.90 
Pb(NO), 1.31 2.13 2.63 2.89 


Кас, | — 2.85 3.36 3.82 


The explanation of the abnormal colligative properties of 
solutions of electrolytes comes readily from the Arrhenius dissocia- 
tion theory, According to the dissociation theory, the electrolyte 
molecules in solution break up into positive and negative ions. In 
very high dilutions, the dissociation is complete. Thus in dilute 
solutions, р molecules of NaCl will give rise to 2p ions ; p molecules 
of H,SO, will give 3p ions and so on. Since the colligative properties 
depend on the units of solute present in solution irrespective of 
their Chemical nature and because, due to ionisation the number 
increases, the values of the colligative Properties observed are much 
higher. In fact, these results from the dilute solutions gave the 
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strongest and most dramatic support to the Arrhenius theory of 
dissociation. 

Generally speaking, suppose a molecule breaks up into n ions 
ina given solution of concentration сз. If ais the degree of dissocia- 
tion, then 


conc. of undissociated molecules = (1—4)cs 
and conc. of (dissociated) ions = Nal, 
Hence total conc. of solute particles = e[l +2—Ia] 


The osmotic pressure of such a solution, mobs = Coll + (n—1)a] RT 
But from eqn. (16.7) vant Hoff's corrected equation is, 
Tobs = i.c RT 
Hence i=1+(—-l)e ог а = (1—1)/(п—1) 
It is obvious that 
AT, = КІ + (п—1)а]т 
AT; = Ку [1 + (п—1)а]т etc. 


Problem. A solution containing 4.13 gm LiCl per litre freezes at —0.343°С. 
Calculate van’t Hoff factor and the degree of dissociation, j 


Мис! = 42.5, АТу = 0.343° 


4.13 

Cal = = 1. pet 
culated ATs = Кут = 1.86 х B5 
— ATrovs 0.343 x 42.5 1.898 


ATrineo 126х4413. . 
The degree of dissociation, а = (i—1)/n—1) = i—1 = 0.898 = 89.8% 


Problem. What would be the conc. in gm/litre of a solution of a non- 
electrolyte (M = 180) which would be isotonic with a decinormal solution of 
sodium chloride, the apparent dissociation of which is 8575? 

For NaCl solution т = (1+а)х0.1х АТ = 1:85х0.1 XRT: 

For unknown solute т = cRT = (w/180)RT 
Where w gm solute is present per litre. 

@/180 = 0.185, or w = 333 gmilitre 


Problems 


1. Deduce a relation between the vapour-pressure lowering and depression 
of freezing pt. of a solution due to the presence of a non-electrolyte solute, 


шлш, АТу, for a dilute solution when 


2. ist Арарат л 
Establish the relation : 7 1000 x K; 


P is the density of the solvent. 
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3n 3. Amixture of 1 gmnaphthalene(M = 128)and 10 gm camphor freezes at 
147°C, whereas pure camphor freezes at 177.5°C. What is the molal freezing 
pt. depression constant of camphor? 
Them. pt. ofa mixture of 1 gm acetainlide and 10 gm camphor is 148.5°С. 
What is the molecular wt. of acetanilide? Mol. wt. of camphor, 152. 
[Ans. 39.04°C, 134.6] 
4, At 10°C, the osmotic pressure of a urea solution is 500 mm. The solution 
is diluted and the temp. is raised to 25°C, when the osmotic pressure is found 
to, be 105.3 mm. Determine the extent of dilution. [Ans. 5 times] 
5. The vapour pressure of an aqueous solution of cane sugar (М = 342) is 
756 mm at 100°C, how many gm of sugar are present in 1000 gm water. Calcu- 
late the freezing pt. of the solution also. [Ans. 100.4 gm] 
6. The vapour pressure of pure benzene and puretoluene at 86°C are 950 mm 
and 375 mm respectively. Calculate the composition of an ideal mixture of 
benzene and toluene which smoothly boils at 86°C. 
[Ans. 0.67 mole-fraction of benzene] 
7. The b. pt. of ether is 36°C. A solution of 1.6 gm naphthalene (M = 128) 
in 20 gm ether boils at 36.31^C. Calculate kp and latent heat of vaporisation 
of ether, м [Ans. kp = 2.1, 1 = 90.4 cal] 
‚‚_ 8. What will be the b. pt ofasolution containing 30 gm diphenyl (M = 154) 
in 250 gm benzene? [Given, Б. pt. of benzene 80.1°C, ky = 2.6], [Апз.82°С] 
9. A solution containing 5 gm of an organic solute in 25 gm ССІ, boils at 
31.5°С. Whatis the mol. wt: of the solute? [b. pt: of CC = 77°Cand kp = 5] 
[Ans. 222.2] 
10. Heavy water boils at 101.42°C and its molar elevation constant (kp) is 
10% higher than that of pure H,O. — 
(а) How does its latent heat compare with that of pure H,O? 
(b) What will be the vapour/pressure of pure D,O at 100°C if the latent 
у heat of vaporisation be taken as 9960 cal/mole? 
11. A sucrose solution has an osmotic pressure of 3 atm at 0°С, What is 
the vapour pressure of this solution? (foc = 4.579 mm). [Ans. 4.568 mm] 
12. A solution of,3,6 gm А in 150 c.c. water gave an osmotic pressure of 
4.48 atm at 17°С. What is the b, pt. of the solution? (kp = 0.52). 
\ 2 us [Ans. 100.098°C] 
13. Pob the freezing pt. of 0.111 gm/litre solution of CaCl, in water 
4 = 1,86), 57991 ` 
14. The vapour pressure of a solution containing 6.69 gm of Ca(NO;), in 
100 gm water is 746.9 mm of Hg at 100°C. What is the degree of dissociation of 
the salt? (С.П, 1974) : 
15. Calculate the degree of dissociation in the following aqueous solutions : 
@) A 0.01 molal solution of K,Fe(CN). which freezes at —0,06°C 
(ii) А 0.1 molal solution of AB freezing at — 0,204°C, 
f [Ans. (i) 74.2% (ii) 9.7%] 
16. A solution containing 0,684 gm cane sugar in 100 gm water freezes at 
—0.037°C ; whereas a solution containing 0.585 gm NaCl in 100 gm water 
freezes at —0.342"C, Evaluate Ку for water, apparent mol. wt. of NaCl, van't 
Hoff factor and the percentage dissociation of NaCl in the solution. 
[Ans. Ку = 1.85, Ma = 31.65, i = 1.848] 


CHAPTER 17 


SURFACE PHENOMENON 


17.1. Surface Energy 


Consider a liquid in contact with its vapour. A molecule in 
the bulk of the liquid is subjected to forces of attraction from all 
directions by the surrounding molecules and is practically in a 
uniform field of force. But for a molecule at the surface, the net 
attraction towards the bulk of the liquid is much greater than that 
towards the vapour where the attracting molecules are more widely 
dispersed, This means that the molecules at the surface are pulled 
inwards, The result is liquid surfaces in absence of other forces 
tend to contract to minimum areas. The surface layer seems to 
behave as a stretched membrane and this psuedomembrane tends 
Чо contract. It explains why a small amount of liquid, left freely, 
such as mercury, rain drop, etc. always takes spherical shape ; 
becuase the sphere, fora given volume, has the least surface area. 

The surface is thus in a state of tension. Any increase in the 
area of the surface of a liquid against its natural tendency to contract 
will require performance of work. The amount of work to be done 
in stretching the surface is obviously proportional to the increased, 
area AA. 


vd W, = — o AA 
where ois called the surface tension expressed in dynes-cm-? 
Rewriting, o = —W:| ^4, 


that is the surface tension о is numerically equal.to the surface 
energy per unit area (expressed in ergs). 

The change in energy of a system whose surface area changes 
by dA may be written as, 


dU = TdS — PdV + odA 


For a reversible, adiabatic, constant-volume change in surface 
area, 


pe Gah КЕСИЛ 
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On the other hand, о can be defined in another way. We know, 
(including work in change of surface), 
dG = — SdT + VdP + odA. 


ac 3 
о = (34 i ат 


Hence, surface energy о is ће change in free energy of the system — 
(at const T and P) per unit change in area. - я 


Again at 0°K, Ltr>o GaN — 0, (Third Law) hence ¢ will be | 


independent of temperature in the vicinity of 0°K. 


Similarly, dA = — ат — PdV + odA 
Using Maxwell-type relation, at const volume, it is easy to 
show that 
Be Al Tae 
- (9 oT) Av = ( A LY үш, 


In increasing the surface, work is to be performed to bring — 
molecules from the bulk to the surface film. If the temperature is 5 
_ raised, thermal energy helps in this transfer and as such less work. — 
would be required. That is, с will decrease with increase in tem- - 


perature, Since (3). is negative, the entropy (of a pure subs- . 
tance) increases with an isothermal, constant-volume increase im 
surface area. At the critical temperature Т = Te, (22) = = 
as the surface disappears. i 


17.2. Expansion of Surface Film 


The increase in the surface-area of a film involves work to be | 
done on the system. Consider a minute drop of a liquid having à. а 
small surface expanded into a large film ina metal-ring. Ifo donetes _ 
the surface tension of the liquid and dA be the total increase im E 


surface-area, then work done w = —odA. 
From the First. Law; 3; g=dU+w j 
or TdS = C,dT — odA 


assuming, P and V remain unaltered. 
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Applying the first TdS equation (eqn. 7.1), and substituting 
P by — c and V by A, 


Tas) = Te p E т (25 т), 44 


If the surface be expanded slowly and isothermally, then 


= таз = =T (22) dA 09). 
Непсе au =q-w=-7(2 a8 dA + odA 
a 4 2.-r(5),-«-Tlor 1. 074. 


[с being Wb. a function of T only ] 


The left-hand gide dU 7A U mày be defined as the surface energy 


per unit area, which diminishes with rise in temperature and be-. 
comes zero in the vicinity of the critical temperature. The variation 
of surface energy with temperature is represented in Fig. 17a. 


1 ergs/cm? cals/gm 


33388 8 
Latent heat of Vaporisation 


0 100 200 300 400. 


T— T 
Fig. 17a. The variation of surface-energy and 
latent heat of vaporisation with temperature 


The evaporation of а molecule from a liquid is possible only 
When it possesses energy to overcome the surface energy. As such 
it is expected that with rise in temperature latent heat of vaporisa- 
tion would also decrease. In the figure the dotted line (which repre-. 
Sents variation of the latent heat with шо, fulfils the- 
expectation. i 
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Аз ( 22) is usually negative then, from equation (а) above, 


it is evident that heat will be absorbed in the isothermal expansion 
-of a film. On the other hand in the sudden adiabatic stretching 
-of a film, 


сат = T (&) dA 


dT T [до 
аро ed - (17.5 
95 ДА 1361 1) 023) 
As the right-hand side is negative, there would be cooling in the 


-adiabatic expansion of a film. 


Problem : Given, surface tension of water at 0°C = 76 dynes/cm. and at 
30°C = 71.5 dynes/cm.,thelatentheat of vap. of wateratO°C = 596cal/gm. 

(a) Calculate the maximum radius ofa drop of water which would evaporate 

. ‘without any heat being supplied to it. у 

Let r be the radius of the drop. 

Its surface area : A = 4mr* 

Consider a small amount of evaporation from its surface, reducing the 
‘radius of the drop by an amount dr, then 


= 8ardr 


The surface energy associated with this reduction of surface is given by 


[e-r | Szrdr 


where о is the surface tension. If p be density of water, 
the mass of liquid vaporised, т = 4nr*dr.p 
". The heat of vaporisation = 4mr*xdrx pxL 


Under the conditions specified, the surface-energy must provide the latent 
heat of vaporisation, 


<. Garde X pxL = 8ardrx [r 
2 | 
ог, r 5 Ip Бата 
ККМ дс. 71.5—76 
we йоу, с = 76; Эт ^ 3 — 015, L = 596x42x10' ergs. 
_ 2[764-273 x0. 
So, IEEE = 9.35 Х10-° cm 


= 1X596x42x107 
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- (b) Show that, when a water film is extended at room temperature isother-- 
› the amount of heat required is about half the work done in expanding 
film. 


Let us assume the film be expanded by dA sq. cm at 0°C. 
the work done = — odd = — 76 dA ergs 


Consider a pure liquid with a flat surface in equilibrium with. 
vapour a pressure P,. Also consider a small drop of the same. 
id of radius r and let it be in equilibrium. with its vapour at а. 
erent pressure Р,. The temperature is constant (T) and the. 
ours may be supposed to behave ideally. 

Imagine that a small quantity dn moles of the substance is. 
sferred from the flat surface to the spherical drop. The free- 
ergy change involved in this transfer is f 


AG = dn RT in 2 
1 


ansfer of the liquid to the small drop would cause an appreci- 
Crease in its surface area, but the decrease of surface area of 
ie flat liquid is negligible. If A be the surface of the drop, then 


А = 4т®, ог ЯА = таг ; yt (Ys 


If о be the surface tension, then the free energy increase in the 
is odA. i f ? 


dn RT In = od . (i). 
1 


Ое drop contains n-moles of liquid and if the molar volume- 
e liquid be V, then the volume of the drop, 


nV = фай, о dn = pdr .. Gil) 
Substituting (i) and (iii) in (ii) 
drr? Р, 


palm З. 25 
y uer es mer 


462 THERMODYNAMICS 


or ВТ Іп = = — ‚.. (17.6) 
1 

"where M and dare the mol. wt and density of the liquid. 

Since rt-hand side of the equation is positive, Ps>P,. That is, 
the vapour pressure of the small particles is greater than that of the 
flat surface. Asr decreases, the ratio P,/P, will increase. The smaller 
the particles the greater would be the vapour pressure. This is why 
large drops grow at the expense of the smaller ones. 


Problem : At 0°C, the vapour pressure over a tumbler of water is 4.58 mm. 
‘Calculate the vapour pressure of drops of water (at0°C) with a radius of 107* mm. 
"The surface tension of water at 0°С is 76 dynes/cm. 

Using equation 17.6, 


р _ 20M 
T ini RTP 
8 
or log ps MOE + log 4.58 


Ett EES Ia ae Ыы AE A 
8,314 x 10? x 1.0 X 10-5 x 2.303 x 273 
When P, — 4.669 mm. 


17.4. The Surface Phase Equilibrium 


The boundary layer between the two phases, often called the 
interface, is endowed with many a special property not usually met 
with in the bulk-phases of the system. For example, the boundary 
layer has a measurable surface energy. As also it is common ex- 
perience that often the concentrations of the constituents of the 
system are higher at the boundary than in the bulk. The surface 
layer is therefore different from the bulk-phase in its behaviour. 
In Fig. 17b, are represented two phases I and II separated by an 


X phase I x! 

S zu es as Nd ш arg Baie 

E ee Te УУ X 2 
phase ik ¥ 


Fig. 17b. The surface phase 


‘interfacial region. The boundaries of the interfacial region are the . 
solid lines XX’ and YY’. It is presumed that the bulk-phase I is 


А э E АЫЛ? БЕ 


wi xo lcu 
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homogeneous up to the surface XX' and the bulk-phase II is homo- 
geneous up to the surface YY'. In between XX' and YY' the pro- 
perties of the system vary continuously from purely I-phase to 
purely II-phase. 

The interfacial region can at best be a few molecules thick. 
Any surface SS' (represented by the broken line) drawn parallel to 
XX’ or YY’ in the interfacial region is called a surface phase. The 
surface phase, thus defined, has an area without any thickness. In 
Other words, the surface phase is two-dimensional, the volume 
eifg nil. 

Let the two bulk-phases and the surface phase in a hetero- 
geneous system be indicated by single prime, double primes and the 
Superscript s. Now if n denotes the total gm. mols of a constituent 
in the system, then 


n; = т + ni" + nis 


ni is called the surface excess and it is the difference of the mols 
of the ith constituent in the surface phase over the amount there 
would have been if both the bulk-phases were homogeneous right 
up to the surface SS’. It is, of course, possible to have both positive 
and negative values for nj. 2 
Many other thermodynamic functions, such as surface energy, 


Surface entropy, surface free energy can be defined in the same 
fashion ; 


Energy, Е = Е +Е + Е 
Entropy, S = S'-S"'- 5° etc. 
"The excess thermodynamic potential, С°, is then 
6G —6G-—-6G'—G' 


Where G is the total thermodynamic potential of the system consist- 
ing of two bulk-phases and the surface-phase, while G' and б” 
are the thermodynamic potentials of the two bulk-phases assuming 
them to remain homogeneous right up to the layer SS’. 

For our convenience, we are considering the surface-phase 
Separately from the bulk-phases. But the surface-phase cannot 
be distinguished as a physically distinct entity, though the boundary 


between the two phases exists, It would therefore be necessary 


10 prove that there would be equilibrium of a constituent existing 
dn the bulk-phases and in the surface-phase. 
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Suppose a system containing several constituents undergoes a 
small-change in which the different parameters including the surface 
area 5 are altered. Then, 

я dG = dG' + dG" + 46° 
Introducing Gibbs-Duhem relation, for the bulk-phases, 
dG’ = —S'dT + V'dP + шат + us'dns! +... + аат"... 
аб" = —S'dT + V'dP + u,'dn,* + "ап" +... + 
шат + soe 
and dG? = —5%Т + p,%dny® + patdn +... + шт + 
s.. c ads. 

Tn the last equation for the surface phase, the term V*dP is. 
ignored as the phase has no volume. But the change in the surface 
by ds would involve the reversible work ods where с is the surface 
tension. This work-term has to be considered in evaluating dG’. 


The p-terms in the equations above are the chemical potentials im 
the different phases. Adding these equations, we ha ve, 


dG = —SdT + VdP + odS + Xyu'dni! + pi" dni" + Урап 


` T x 
where S and V denote total entropy and volume of the system. 
Tt is known that fora system, in equilibrium at a constant tem- 
perature and pressure, 
(dG)p.r = 0. 


Further, if we consider the system undergoing the change not only 
at constant temperature and pressure but also with its surface area. 
s unaltered, it can be proved in the same way, 


(dG)p,r,5 = 0. 
Obviously then under such conditions, 


B 


(dG)p,rs. = щш’ dri! + Eja" dni + Уап = 0... (17.7) 


If we remember that the chemical potentials of a constituent in 
the two  bulk-phases are equal, шщ” = ш", and also that for any 
constituent, dn;' + dni” + дт? = 0, though there is no restriction 
ofa component to pass (гот опе phase to another, then, the solution 
of the equation (17.7) would give, 


ш’ = ш" = ще 2.07.8) 
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is, the chemical potential of a constituent in the surface-phase 
nd in the bulk-phases must be the same. 

5 Gibbs adsorption equation 

Let us confine our attention to the surface-phase of a hetero- 
eous system containing several constituents. Suppose the excess 
urface concentrations of the constituents are denoted by 745, nj, 


.etc. The excess thermodynamic potential of the surface- 
азе would be given by 


GPS f(P, T, sy nt ng 1): 
ora small change of the system, 
8G*Y gp aG: aG: 
t ——)d: 
К (25 LY + (Gr oT we i 0s rait 


0G* Гед 

wes == | dns Уй 
( дт ү pts T 
If the change takes place at constant pressure and temperature, 
by using equation (17.2), о = (8G/0s)p,r 


dG? = ods + шет + иат +... ... (A) 
ince dG* is a perfect differential, 
берт = os + шт? + шп? +... 2. 
ог dG* = ods + pytdny? + pdn 4e LLL. + sdo + пуаш? 
: + ndy +... „..(В) 


uating (A) and (B), 
sdo + mêdp + пора + .... =0 
or de das + dat +... = 0 


8 
- The quantities - =, . .. etc. denote the excess surface con- 


€ are generally MAT Dy Eo Ta Tete. 
‘Hence 


+ Dus Pas +..... vl m 2. (07:9) 
the general relation for the equilibrium in the surface-phase. 
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To take a simple example, let us consider a binary system, say 

a solution of a solute and a solvent. Then, 
do + Tidit + Tady = 0 

Tf the system is in equilibrium at constant surface area(P and T 
are also constant), the chemical potentials of any constituent will 
be the same in both the bulk of the solution and the surface, i.e., 

du, = du; dus? = dps 

"Therefore, do + lid, + Tadya = 9 ... (17.10) 

If the solution be a dilute one and the surface layer is so chosen 


that the concentration of the solvent in the bulk and the surface- 
phase be practically the same, (i.e, Г, = 0), then 


do + du, = 0 
S ue Tudor 1.07.1) 


Г,, the excess surface concentration, is really the concentration 
of the solute adsorbed at the interface per unit area, The chemical 
potential, us, of the solute in the solution is given by 
pa = uy + RT In as 
or du, = RT dina, 

where d; is the activity of the solute. The temperature has already 
been assumed to be constant. 

El dass 
RT din ay 
Rewriting, = T, = — 2 de (17.13) 

RT da; pss 


When the solution is sufficiently dilute to obey the dilute solution 
laws, аз = c,(concentration), the relation may be expressed as 


Hence, туз ‚ @7.12) 


COEM сс 2.0714) 


This is Gibbs adsorption equation. It correlates the adsorption with 
the variation of surface tension with concentration, The equation 
shows that if the surface tension decreases with the increase in 


concentration (cs) of the solute (i.e., if Z is negative) Г, will be 
2 


елла ak б | 


gv 
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positive or there shall be positive adsorption, On the other hand, 
there are solutes with which the surface tension rises with i increase 


of concentration of the solute. In these cases, p is positive and so 


there would be negative adsorption i.e., lesser concentration of the 
solute in the surface layer compared to that in the bulk-phase. 


The exprimental verification of the Gibbs adsorption eqn was first carried 
out by McC.Lewis. A stream of drops of mercury or hydrocarbon oil were run 
slowly down a column of an aqueous solution of a dyestuff or caffein. At the 
surface of the mercury (or oil) drops, the solute was adsorbed, The initial concen- 
tration and the final concentration ofthe solute in the bulk-phase were measured. 
The difference gave the total amount of solute adsorbed. The total area of the 
surface of the mercury (or oil) drops were calculated froma knowldge of the total 
quantity of the mercury and number of drops run down. Thus the value of Г, 
the adsorbed amount of solute per sq. cm. was known. The right-hand side of 
the equation (17.14) was also separately determined by directly measuring 
surface tension at various concentration сз. id slope of the curve (с vs. cs) 

де K da 
gave the value of Cs and the expression zw ie 
ment between the two was fairly satisfactory. Later on, Donnan and Barker 
repeated the experiments with aqueous solutions of nonylic acid and saponin 
using bubbles of air in place of mercury droplets. 

The experimental technique was considerably improved by J. W, McBain. 

The ends of a narrow trough containing the solution were coated with paraffin, 
So that the liquid bulged out about 0.05 mm above the vessel without overflow, 
A swiftly moving microtome was used to slice off the top-layer to be collected 
in a silver-lined cylinder. The concentration differences in the bulk and surface 
phases were determined by an interferometer. Solution of different substances, 
such as common salt, phenol, etc. were taken and the results were found to be 
in good agreement with the Gibbs equation. An indirect verification of the 
equation was also obtained from Langmuir's experiments of films of insoluble 
Substances on water. 


— was calculated. The agree- 


Problems 


1. Calculate the increase in surface energy when a water drop, 0.4 cm in 
Tadius, is split up into 125 tiny drops. (¢ = 72 dynes/cm). [Ans. 578.6 ergs.] 
2. What will be the pressure inside an air bubble (0.1 mm radius) situated 
just below the surface of water. Given с = 72 dynes/cm and pressure is 1.013 
X10* dynes/cm* [Ans. 1:0274 dynes/cm?] 
3. Calculate the mean energy required in breaking down one c.c. of water 
into droplets having mean radius of 10-5 cm. Given o. = 72 dynes/cm. 
[C.U. 1971] 
4. At 25°С, the vap-pressure of water in bulk is 23.76 mm. The surface 
tension is 72 dynes/cm and molar volume is 18 с.с. What will be the vapour 
Pressure of drops of 2x 10-5 cm diameter? [Ans. P — 24mm] 


CHAPTER 18 


ELECTROMOTIVE FORCE OF VOLTAIC CELLS 


18.1. Galvanic Cells 


A galvanic cell is а device in. which electric energy is obtained 
in consequence of a chemical reaction occurring within. The cell 
consists of two electrodes—the positive and the negative —immersed 
in suitable electrolytes, when an electric potential (/) is acquired 
by each electrode. The electricity is said to flow from the positive 
to the negative in the external circuit when completed. In fact, 
the electrons flow from the negative to the positive electrode in 
the external circuit. The galvanic cell would be a reversible one 
when with the application of a slightly greater driving force (e.m.f.) 
from an external source, the chemical reaction may be effected in 
the opposite direction. In such a reversible cell, each electrode is 
also reversible, i.e., the changes occurring at the electrodes are 
also reversible. 

То illustrate, let us take the old and familiar Daniell cell in 
which zinc partially immersed іп zinc sulphate solution is the negative 
| electrode and copper in copper sulphate solution is the positive 
electrode. The reaction is, 


Zn + Си++ — Cu + Zn** 


А Suppose //, and V; are the electric potentials acquired by the 
zinc and copper electrodes respectively. The e.m.f. of the cell (E) is 


E = ф%—\Һ ... (18.1) 


The manner of the formation of electric potential at an electrode 
is being conceived in the following way : 


A metal is regarded as an assembly of metal ions and free electrons. When the 
metal is in contact with water, some metal ions enter into the liquid due to a 
tendency in the metal, called by Nernst as ‘electrolytic solution tension’. As some 
metal ions leave the solid, the solid becomes negatively charged and the solution 
positively. In consequence, due to electrostatic force, any further transference 
of the metal ions is prevented and the ions, attracted by the negatively charged 
metal, remain near the metal surface forming a double layer. If the metal is 
placed in a solution containing its own ions, the metal ions from the solution in 
virtue of their osmotic pressure may enter into the metal rendering its surface 
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positively charged, Again, by attraction now, the anions would flock near the 
positively charged metal surface and form a double layer. There is thus always 
a double layer at the contact of the electrode-metal and electrolyte. Hence, a 
difference of potential exists between the metal phase and the solution phase. 
This potential difference in the ‘half-cell is called the single electrode potential. 
The transfer of metal ions from the solution to the metal would obviously depend 
upon the magnitude of the electrolytic solution tension of the metal and the 
osmotic pressure, 

Due to the uncertainty of the physical significance of Nernst’s electrolytic 
solution tension, the electrode potential is at present supposed to be due to the 
difference in the rates of two opposing processes, namely, the transfer of ions from 
the metal to the solution and the discharge of ions from the solution on the metal, 
If the rate of transfer of metal ions into solution be greater, there will be excess 
ofelectrons in themetalrendering it negative, which will attract + ve ions forming 
à double layer. If, on the other hand, the rate of discharge of ions from the solu- 
tion to the metal be greater than that of the opposite process, the metal would 
be positive and it will attract negative anions forming a double layer. In any 
case, a double layer would be formed giving rise to electrical potential difference, 
which has been called the electrode’ potential. Similar conditions also apply 
to the non-metal or other electrodes, ; 


Fig. 18a. Daniell cell 


With the formation of the double layer, an equilibrium is set 
up, when the escaping tendency of the metal ions in the solid phase 
would obviously be equal to the escaping tendency of the metal 
ions in the solution phase. Thermodynamically, two conditions in 
Such equilibrium must be recognised. Firstly, the chemical poten- 
tial of M+ ions in solid and in solution must be equal. Secondly, 
in the equilibrium і 

М = М*+е; JM = Bet tHe 

In our Daniell cell, therefore, 

Zn = Zn** + 2e, we have (i) ига++ (soln) + 2ней) 

Similar will also be the situation at the copper electrode, where 


Cu = Cu** + 2e, hence; (ii) ись = Hours + Zhen 
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кеа) and ea) are the chemical potentials of the electrons in the 
zinc sulphate and in the copper sulphate solutions per gm eqv. 
| Subtracting (ii) from (i), 


üza иса = Иша++ — Воз++ + 2e). — 2He@) 
‘Rewriting, (Иси + Uzas4) — (Ила + Иса++) = —2[неп) — Pe] 
ог Ур = I eesoliants) — (restants) = — 2[Hety—He] +++ (18.2) 


The left-hand side is really the free energy change of the chemical 
process occurring in the cell, hence 


—AG = 2p.) — 200) ... (18.3) 


During the chemical process, if 1 gm-mole of zinc dissolves. 
then two faraday (27) of charge would be transferred across the 
double layer at the zinc electrode (potential /,). The work involved 
= 24. This work is equal to the drop in free energy by definition. 
(under reversible condition), 


ve — AG, = 274, 


From Gibbs-Duhem equation, the free energy change is given 
by 


Шеп) X An = peti) X 2 


Hence! 59 д» 2 
Similar is the change in the copper electrode of the cell, so 
200) = 290. 


The electrode. potentials are opposite in sign, hence 


200) — Bee = 270. — Ya) = 27E, (from eqn (18.1). 
Substituting this in eqn 18.3, 
AG = —23E 


The factor 2, indicating the number of gm-eqv. of electrons trans- 
ferred, may be replaced by n in a general process, so that 


—AG = njE „..@84 
That, is, the output of electric energy (nJE) is equal to the free 


energy change of the chemical process. The validity of this relation 
has been amply established from experiments. 
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In the Daniell cell, the zinc electrode, where zinc gives up its electrons, i.e. me 
oxidation occurs isthe negative electrode of the cell. The copper electrode, where 
copper takes up electrons, i.e., reduction occurs is the positive electrode, The 
galvanic cell (Daniell’s) is eS as, 


Zn | Zn**(conc. су) || Cu**(conc. c;) | Cu 


where vertical lines indicate phase boundaries. The double line is the link 
between two solutions. 


The cell reaction is Zn —2e — Zn** 
Cutt + 2e = Cu 
Zn + Си++ = Zn** + Cu e (A) 
It is the usual custom to place the negative electrode on the left and the positive 


electrode on the right while writing. The reaction equation, by convention, is 
written starting from the left, i.e., with the zinc electrode as in (A) above. 


Now —AG = njE , and from Gibbs-Helmholtz relation 


ac = aH T [240 j 
Hence —njE = AH+T CAN] 
Хна ; 
or E= TWF am т (22), э soe (18.5) 


This relation is universally used to evaluate the e.m.f. of a cell. 
It is further known from equation (6.22) that 


- 29]. 
Р 


AS = ar 


e(—nJE)| | ,.4E  . 
| aS ec EET =a - ©. (18.6) 
We can thus measure the entropy-change from the temperature- 
_ Coefficient of the e.m.f. of a cell. Hence, the knowledge of the e.m.f. 
- Of a cell permits the evaluation of AS, AG and also AH of a 
chemical process (since AH = AG + TAS). 


To illustrate : Let us take the Clarke cell, 


Zn | ZnSO, solution || Не:50, | He 


- For this cell, E = 1.420 volts and dE/dT = —1.2x10-* volts/°C, at 250. 


" The cell reaction : :Zn + HgSO, = dne + 2Hg; 
| eres ERN of reaction, АН = — 81200 cal 
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dE 
Now, АН = —nfE-njT aT 


. —2x96500x1.420 , 2x96500 
Е 42 42 


= —65250 + (— 16710) = —81960 cal 


x(273--25) x(—1.2 x 107?) 


It is thus obvious that AH is not equal to the output of electrical energy. 
The electrical energy is equal to — AG. 


In a rare instance, = is found to be negligibly small, so that AH = AG 


= — njE. Thatis, electrical energy is equal to the heat of reaction. This happens 
in the Daniell cell (AH = — 50300 cal) and (nfE = 2 х 96500 x 1.09/4.2 
== 50010 cal). 
Problem. At 25°C, the e.m.f. of the cell 
Pb — PbCl, — HCl(m) — Ag — AgCI 


is 0.49 volts and its temperature coefficient 2E = — 1.8x10-* volt/degree. Cal- 


culate (a) the entropy-change when 1 gm-mole of silver is deposited and (b) the 
heat of formation of silver chloride, if the heat of formation of lead chloride is 
Нрьсь = — 86000 cal 


The cell reaction : РЬ + AgCI = Ag + #РЬСІ, 
( AG = —njE = — ы х0.49 = — 11260 cal 
9(AG) QE _ 96500 
And s= ———— = n] = —(- —‹ 
А ЭТ "far 42 (— 1.8 x 1075) 
= — 4.14 cal/degree 
The heat of reaction of the chemical change, 
AH = AG+TAS = — 11260 + 298 x (— 4.14) 
= — 12494 cal 


This heat of reaction is the algebraic sum of the heats of formation of the com- 
ponents ; 
AH = Hag + iHpych — kHpy — Hagci 
= 0—3 x 86000 — + x 0 — Hagar 
or heat of formation of silver chloride, 
Hagci = — $ x 86000— AH = — 30506 calories/mole 
It is known that when a reaction occurs spontaneously AG is negative and 
hencee.m.f. is positive. Ifthe experimental value or calculated value in a galvanic 
arrangement e.m.f. is negative, then AG will be positive ; the reaction is not 
likely to occur spontaneously. For example, if we havea galvanic cell arranged as 


Ag | Ag* || Zn** | Zn 


| 
| 
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the e.m.f is negative (E = — 1.6 volts). It can be immediately concluded that 
Ag will not dissolve to deposit zinc, The opposite arrangement will have positive 
e.m.f. and hence negative AG. That is, zinc will spontaneously dissolve to 
deposit Ag. 

The spontaneity of a reaction can be judged from the sign of the e.m.f. of 
the cell. The criteria are: . 


АС Е Cell reaction 

— + spontaneous 

0 0 equilibrium 

+ Tz non-spontaneous 


18.2. Nernst Equation : EMF and Equilibrium Constant 
From the reaction isotherm, the free energy change (AG) for the 
cell reaction, 
AG = —RT ln Ka + RT £v Ina 
where Ка is the едт. constant and ‘a’-terms denote activities. 

If all the participants in the chemical process are in standard 
state, their activities would be unity, the standard free energy change 
(AG^) would be 

AG? = —RTInKa ... (18.7) 

Hence AG = AG°+RT Xv па ... (18.8) 
From equation (18.4), if E be the e.m.f. of the cell in the given state 
and E? the standard e.m.f. of the cell, then 

AG = —njE and “AG? = —njE ^ ... (18.9) 
Substituting with equations (18.7-and 18.8), 


(i) пӯЕ° = RT In Ka 
HEC a RT, 
or Ee ng "Ке = 2.30877 log Ka :.. (18.10) 
and (ii) пўЕ = пўЕ°— RT Уу па 
ог КАСЫ ds 
nj 


^p. 2.08 RT 
= Е pn d E .. (18.11) 
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Also: from eqns (18.10 and 18.11), (i 
2.303 RT 2.303 RT M 

E- log К, =z Уу lo| “.. (18.1299 

nj Og Ka — nj ga ( ^» 


In an: approximate evaluation, Ка may be replaced by Ke and 
a-terms by concentrations assuming ideal behaviour. Я 


. The quantity = would occur very often in calculations of елт. 1s 

value for T = 298°K ìs Hun = 0.0591 К m х 
Hence at 25°C, E* = 0051 tog x, | ; 

i pris "ug 

BAPE ИД Bie Be - 909 Sy tog a аы 

and E= aes log Kq— ly yoga 3 


7 These are the different forms of what is commonly known as ‘Nernst ' equa- 


tion’ for galvanic cells. It is evident that determination of e.m.f. would `permit\ thi o 
Mod of equilibrium constant and vice versa. ua 

.. Thevalidity of this relation was tested experimentally first by Knuptfer, (1898) 
who studied the cell, 


10 тна) | KCNS soln KCI soln TI (Hga) 
N _satd. with TICNS || satd. with ТІСІ 


Cell reaction + ТІСІ + KSCN = TISCN + KCl 


2,303 RT 
" log Ka 2:03 RT jog akcs 
акс! 


F 
2.303 RT 2.303 UNS 
(o я утв Ke RT СК! 

Ў F Ckci 


At20°C, theeqm. constant (Ко) of the process was foundto be 1.24. Thee.m.f. 
of the cell was then calculated to be 0.0051and the e.m.f. experimentally observed - 


was 0.0048 volts, (when theratio Cga: Скзсы = 1.52). The agreement is quite ; 
satisfactory. \ 


A few illustrations of the application of Nernst equation are given here. E 
(i) The standard e.m.f. of the Daniell cell is 1.1 volt at 25°C, and the reaction i. 4 


Zn + Cutt + Cu + Zn** _ 


Eo 
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_ аса X AZnt+ _ AZnt+ 


since azn = аса = D 
AZa X асу++ аса @ aa mi 


RT 0.0591 
Now Е° = р ee 
"uj n К 2 log К 
0.05: 
ie, 11 = "о" log К, whence K = 1.7 x 10" 


<. Ateqm. атан = 1,7 X 10° асан 


In other words, the reaction practically proceeds to completion. 
(ii) Ina voltaic cell, the eqm. constant of the reaction, 


Ag + Fe(CIO), = AgCIO, + Fe(ClO,)s 
was found to be 0.50 at 25°C, The e.m.f. of the celll 
Ag | Ag* || Fe** — Fe*** (Pt), is then given by, 


_ 2.308 RT 


E 7 


log (0.50) = 0.0591 log (0.50) = —0.017 volt 


18.3. Single electrode potentials. 


A reversible cell consists of at least two electrodes—positive- 
and negative. Each of these electrodes is known as a halj-cell ot a 
single electrode. The process occurring in the cell ultimately causes 
in a given electrode transfer of electrons from the electrode to the 
electrolyte or vice versa, resulting into a flow of current when the 
circuit is completed. The electrodes usually are formed by dipping. 
a metal into an electrolyte and these may be of different types. 


Type I. The simplest electrodes are formed when a metal ога non-metal, 
is in contact with a solution containing its own ions. Thus, silver 
immersed in silver nitrate solution, copper in copper sulphate solu- 
tion, etc. are examples of this type. Similarly, chlorine in contact 
with a chloride solution forms an electrode. The reactions occurring. 
at the electrodes are: 


Ag = Agt + ©, HSH te 
Cu = Cutt +26, CI- = c+. 


In the case of non-metal electrodes, which are often non-conductors, an inert 
metal like Pt (coated with Pt-black) saturated with adsorbed non-metal 
Serves the purpose of conduction. 50,2 hydrogen of chlorine electrode may be- 
expressed as 


(Pt), Hs, Н+; (Pt-Ir), Cla, С1- 
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Type П. A metal with one of its sparingly soluble salt in contact with a 
solution having thesameanion may alsoform a good electrode, e.g. ; 


Ag — AgCl(s), KCI solution ; 
Hg — HgCl(s), KCI solution ; etc. 
The reaction involved is as follows : 
2Hg(s) = Hg,** + 2e 
Hg;** + 2С1- = Hg,Cl.(s) 
i.e., 2Hg(s) + 2Cl- = Bg.Clk(s) + 2e 
Tt meansthat the chloride ion in the solution gives up itselectron. This is virtually 
"the same as the chlorine-gas electrode represented earlier as 
Сот Cl4 € = 4С, є 
“Such electrodes are reversible with respect to the anion. 


Type Ш. An inert metal, such as platinum, immersed in a solution containing 
amixture of the oxidised and the reduced states of a system, consti- 
tutes an important type of an electrode. 


Thus а Pt-wire dipped in a mixture of the solutions of Fe++ and Ее+++ salts, or 
Sn** and Sn**** salts etc. will serve as a single electrode. The reactions in 
“such a case involve transfer of electrons between the oxidised and the reduced 
forms, e.g., 


Fett Fet+++ € 
Sn** = Snt+++ + 2e 
Mn** + 49,0 = Mn0,- + 8H* + 5e 
CHOH): = С,Н,О» + 2H* + 2e, etc. 
Hydroquinone Quinone 
“These electrodes are often mentioned as ‘oxidation-reduction’ electrodes. 
Oxidation, in modern terminology, means liberation or giving up of electrons. 


Thus ferrous ion is oxidised to ferric ion and zinc atom is oxidised to Zn*^ ion, 
“CI ion is oxidised to chlorine atom, 


Fe** = Fet++ +e 
= Zntt + 2e 
Cl- = CI + e, and so on. 
Reduction is the opposite Process and it involves the acceptance or taking 
up of electrons, as Си++ ions are reduced to Cu-atoms or Hg** ions are reduced 
^to Hg* ions by taking up electro: У 
Си++ + 2є < Си 
Hg** + e = Hgt; etc. 
Thus, Fe***, Zn**, Cu**, Cl etc. are the oxidised states called oxidants, 
and Fe**, Zn, Cu, Cl-, Hg* etc. are the reduced states, called reductants. 
\ The three types of electrodes considered above are structurally different, but 
^in every case, electrons are either liberated or taken up, the process being rever- 


| 
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sible. A reversible electrode therefore will involve an oxidant and a reductant... 
The process in the electrodes may be represented as 


Electrode Process Oxidant Reductant 
Type I Zn = Znt* 42e Zn** Zn 
Type П Hg+ Cl- = HgCl4- є HgCl Сї 
Type Ш Fett = Fettt + € Fettt Fett, 


Hence, in any electrode, the process involved may be expres- 


sed аз: 
Reductant = Oxidant + ne 


When a galvanic cell yields electrical energy oxidation occurs 
at one electrode and reduction at the other. For example in the- 
Daniell cell, while it gives current, zinc ionises at the negative elec- - 
trode and copper ions are deposited at the positive. Hence, oxidation 
occurs at the zinc electrode and reduction at the copper electrode. 
This is generally true for all reversible cells. 

Expression for Electrode Potentials : At each of the electrodes 
of the galvanic cell a potential exists which may be expressed as. 
follows: 

Consider a metal electrode in equilibrium with a solution . 
of its ions, ‹ 

М | М"+ ions .... 
There are two phases — metal phase and the solution phase — and : 
let these be denoted by suffixes I and II respectively. The metal ions . 
are distributed in both the metal and the solution phase. Suppose 
their chemical potentials in the two phases are ш and шп. Let the- 
electric potentials in the two phases be denoted by ут and yn. Ifthe - 
change at the electrode be М — M”*+ + ne, the potential should 
be termed oxidation potential of the electrode, ££. Obviously the 
oxidation potential of the electrode, 
# —n—u 
If the valency of the metal ion be n, then the electrostatic energies - 
d gm-mole of the metal ion would be n j/ and zn in the two 
phases, 
. Atequilibrium the net molal Gibbs potential would be the same 
10 the two phases, hence 
pr njh = pn + пп 

The sum ‘p + nv’ is also termed as electro-chemical potential’ 

Of the system, Further, 
py = 22 + RT In а, pu = zů + RT In an 
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"where a; and ag are the activities of the metal ions in the metal 
:and the solution phases. Substituting in the above relation, 
njh + RT In ay + zb = пу + RT In ап + zů 


Wom К du 
or (ш ш =з ОГ i" 2 
Tipi ЕТ pan 
That is, & = constant nj In i 
When a; and ay are unit activities, ¥ = a 9 — constant, 
RT a= а 
ХЕ In o En 23 ‚.. (18.15) 
Where ац corresponds P the activityin the oxidised state and 
„ау to the reduced state. Thus for a Zinc-electrode, 
| = ge, c RE ate 
Fa а —53 hb ТЕ ‚..(18.15а) 


The e.m.f. of a voltaic cell is really the algebraic sum of the two 
{ Single electrode potentials. (The junction potential is not considered 
“at the moment). 
nsi An arbitrary standard is necessary for the quantitative ex- 
pression of the single electrode potentials. The reversible hydrogen 
electrode prepared with H,-gas at 1 atm (on Pt) in a solution of 
Ht-ions of unit activity is taken as the standard electrode and its 
-potential has been accepted as zero (Fig 185). 
Hi-electrode : (Pt) H&(1 atm) | Н+ (а = 1), £g, = 0. 


Нә (їка) This is our standard electrode having 
zero potential. The potentials of other 
electrodes are compared to this stan- 
dard. In determining the single electrode 
potentials the single electrode is coupled 
with a standard hydrogen electrode 
and the e.m.f. of the cell so formed 
is measured potentiometrically. For 
example, in determining the electrode 
potential of zinc, we construct a cell, 
Zn | Zn**, ++)50lution ll 


Pt. ( plstinized у Ныл) | H,(gas); atm 


Fig. 18b and the e.m.f. of this cell E is mea- 
“Hydrogen electrode sured. 


— ee ee ҮШ у л eel 


ч телу eee ee чиш 


| 
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Now, E = # + n, = Sza, ‘since Su, = 0, 
"where &z, and # нь are the single electrode potentials. In this 
cell, it is known, that H,-electrode is the positive and zinc electrode 
the negative of the cell, the current’ flowing from H, to Zn in the 
'external circuit. The electrode reactions are, 

Zn-electrode : Zn — Zn** + 2e 
H,-electrode : 2H* + 2є ~ Н, 
‘The net chemical process, Zn + 2H* = 7п++- H; 
The e.m.f. of this cell, then should be, from (18.14), 


RT атп++.ан2 


Урра 
Fanaa пў zm. аң+ 
RT, azat* pisei tol 
po EM i Sigm =I 
E nj UE ag Ha 1 


"This e.m.f. is really equal to the electrode potential of zinc only, 


the other electrode having zero potential. Hence, А 


КТ, атн“ RT oxidant 
= Е? =^ hn A = PP — 0 
© zi nj In AZn T nj reductant 


If we take the solution of Zn** ions such that az,** = 1, and 
remembering az, = 1, we have 


Wu = Е 
gu es 6x0 — Fy In Ялаа. 10816) 
п, 


reductant 


"Where #79, is the normal.electrode potential of the electrode with 
‘the activities of oxidant and reductant as unity. (Sec eqn. 18.154). 


Regarding the sign of the electrode potential, there is some con- 
fusion in the literature. The widely accepted convention about the 
sign is that the potential of the single electrode in which the oxidation 
“ОЁ the reduced state occurs should be considered as positive. To 
indicate the significance of the sign, the potential is better called 
‘the oxidation potential of the electrode’. In the above cell, at the 
-zinc electrode, zinc metal is oxidised to Zn** ions, hence the poten- 
tial of the zinc electrode would be positive. 

But if we construct a cell with a zinc electrode and (say) a potas- 
‘sium electrode, K | K* || Zn** | Zn, then at the zinc-electrode, 
teduction of Zn*- ions into metallic zinc occurs. 

2K + Zntt+ — Zn -2K** 
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The potential of the zinc electrode now will be the same oxidation; 
potential of zinc with the sign reversed, Le.,[ — #2]. This will 
be true in every case. In other words, if during the passage of elec- 
tricity reduction occurs at any electrode, its potential will be oppo- 
‘site to the oxidation-potential associated with that electrode. 

Let às now consider some other single electrode potentials. 

(A) To determine the electrode potential of copper, we shall 
take a cell, 


(Pt) Н, @)— Н+ | Cu** — Cu (metal) 
(ан* = 1) | Gut) 
by coupling Cu-electrode with Hi-electrode. The cell is such that 
in the external circuit, the current passes from copper to hydrogen. 
The electrode processes are 
Cu— electrode, Си++ + 2є = Cu (reduction process) 
| H, — electrode, Hy = 2H* + 2e (oxidation process) 
Net reaction of the сей: Н, + Си++ = Cu + 2H+ 


The e.m.f. of thecell, E = E» _ Fin асы Ха?нц+ 
п 


аса** Хан, 
КТ ас 
= RN 5 та eco 
nj LS аса 
But Е = о + Og, = Soy (since E°g, = 0) 


The e.m.f. of the cell is equivalent to the Single electrode potential (4c) of the 
copper electrode in magnitude, 


Hence, -E= gel RI platt 
nJ acy 


In the cell considered, the copper electrode involyed a reduction process. So,. 
— E and — E? shall be oxidation potentials of copper. Since 


Ecu, Cutt ial eaten 
TE = Sey and — pe = Poy 
Hence, in accordance with the convention of signs proposed, 


Sou = eL ЖГ gon’ 

2° acu 
Sd = ex, — RE), oxidant 
"n dui 


This expression is the same as in eqn. (18.15). 


€LECTROMO 
(B) The electrode potential o 
. be obtained from the cell, 
(Pt), Cl; (g) — 
(ас a 
the electrode processes are, 


T 
mA AS. am 


(Pt) Н, (g), Н+ 
(аң* = 1) 
The electrode processes аге —— 
Се++++ be 
н 2 
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Areductant 


' It is obvious that the magnitude of the electrode potential depends "РО F. 
the activities of the ions in the electrolyte, | 


j Positive electrode. To compute thee.m.f. of the cell, take the sum of the oxid 
potential of the negative electrode and the reduction potential of oy posit 


is the same as its oxidation potential with the sign changed, 

wt The em.f, of the сей: E = yon + red, 
y Mee qe. 
Thenormal emf of a cell is likewise the algebraic sum of the normal electro 
potentials, say, for Daniell cell; ^ E? = Bon — €, 


To illustrate : 
(i) Let us consider another cell, Cd | Cd** || Fe**, Fe*** (Pt) 


in which it is found that Cd is the negative electrode of the cell. 
The reaction is 


Cd + 2Fe*** — Cd** + 2Ее++ 
Н RT, ac4t*.a*g, 
The cell emf: E = Br — Fy St 
(since аса = 1) ... 
The oxidation potential of Cd-electrode is 


RT 
“са = "ca — ng "баса! Часа) = ca — ap" acat* i 
The oxidation potential of redox electrode (Fe** — Fet++) is p 


RT, aig, 
Éredox x [e = Pris | 
Hence, E= fca + ( — £d.) 


== £0, 
n ae 


the same as in (Y) above. 
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(ii) Similarly, two oxidation-reduction electrodes may also 
constitute a cell, For example, in the cell 


(Pt) Sn?*, Sn** || Fett, Fest (Pt) 
the ferrous-ferric redox electrode serves as the cathode 


RT, ape 
Érett, pett = E Rett, pert — — Јр СРЕ 
J | ape 


n КТ, авп^+ 
Similarly, £gy**,sg** = 20523, вот зген 


RT аза**.@?ре*® 
.-. Ce f, E = £5, — 20. 9+ pat ЭО то 
Cell emf, E = £%n%*, gatt — Elet, Fe OF dise gc 


If after the numerical computation the e.m.f. of the cell is found 
to be negative, it is to be understood that the process is actually 
reverse of what is assumed and the current flows opposite way. 
The anodes and cathodes are to be interchanged. 

£ °, the standard electrode potential, is obtained when the acti- 
Vity of the ion in solution is unity. The standard electrode potential 
can be determined in two ways. 

(i) The electrode potential is measured with a given solution 
as previously shown and the activity (or activity coefficient) of the 
ion is also measured separately. The methods of determination 
for the latter are given later. Then 


RT RT 
# = ° = 391569 mw jme 


Where т; = molality of the ion. 


@° is known when ¥ and y4 are separately determined, 

(ii) The standard Gibbs potential change, AG”, is determined, 
for the reaction occurring in the cell, from measurement of equili- 
brium constant under standard conditions, Now 

AG? = —RTin К, — also AG? = —njE" 
Hence E” = a In K 


Now, if the electrode potential of one of the half-cells be known, 
that of the other can be easily ascertained, for the total e.m.f. of 
the cell is the algebraic sum of the two electrode potentials, 


Е = fith: 


484 THERMODYNAMICS 


To take an illustration, let us consider the reaction 
Ag + Fe(CIO;); = AgClO, + Fe(CIO ,), 
whose equilibrium constant at 25°C, after corrections with Debye 


equation, is 0.50 (Schumb et al). 
The standard e.m.f. of the cell, 


+ Ag—Ag* || Fe++—Fet++(Pt) 


RT 


Pus = 57 In К = 0,059 log (0.50) = 0.017 volts. 


The electrode potential of Ag, Ag+ = —0.799 


E? =O et Vp, ttt, Pott 


or — 0,017 = — 0.799 + Е°ъ,+++, pett 


or E%.++, +++ = — 0,783 volts 


The standard oxidation potentials of commonly used electrodes, 
are given in the Table appended below : 


TABLE : STANDARD OXIDATION POTENTIALS OF SINGLE ELECTRODES AT 25°С 


(Hydrogen Scale) 


Electrode Electrode Process Potential 
Li, Lit LisLi+ + є +3,024 
Na, Na* Na-Na* + є +2712 
7п,Дц++ Zn-Zn** + 2e +0.762 
Fe, Fet+ Fe+Fet+ + 2¢ +0.440 
Cd, Cd++ Са-›Са++* + 2e +0.402 
Ni, Ni** Ni-Ni** + 2e +0.236 
Sn, $n** $n5Sn** + 2e +0.140 
Pb, Pb** Pb—>Pb++ + 2є +0.126 
Hs H+ 1H;—H-*4- є 0.00 
Си, Си++ Cu Cutt + 2є —0.340 
Hg, Hg,** 2Hg—Hg,++ + 2e —0.799 
Ag, Ag* AgAgt + є —0.799. 
Cla, Cl- CI-—4Cl, + € —1.358 
Bra, Br- Br—44Br, + є —1.066 
Ty, I- Ith + e —0.536 
Оз, OH- 20H-—H;0 + 40, + 2e —0,401 
Ag, AgCI, Cl- Ag + CI-—AgCl + € —0222 
Hg, Несі, Ci- Hg + CI-—HgCl + € —0.268 
Pt, Sn** Ѕп++++ Snt++§ntt+++ 4 2e —0.150 
Pt, Cut, Си++ Cu*oCutt4 e —0.170 
Pt, FeCy,~*, FeCye- FeCye*-+FeCy,2> 4- € —0.69 
Pi; Берек Fe*++Fet++ + e —0.771 
Pt, Hgs**, Hg** Hg; **—2Hg** + 2e —0.92 


Pt, Co***, Cot tet 


Cett'-Cetttt 4 є 


—1,610 
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The knowledge of the electrode potentials is of considerable 
interest in analytical chemistry as well as in different electrochemical 
phenomena. Thus, Fe**-Fe*^* has a lower oxidation potential 
than that of Sn++-Sn++++ indicating stannous salts would reduce 
ferric salts, while Fe** salts will not reduce stannic salts. Again, 
Ag-Ag* has a lower oxidation potential than that of Cu-Cu**, 
i.e., copper will displace Ag from AgNO, solution, but silver cannot 
displace copper from copper sulphate solution, 

Another common application of the elecrode potentials is to 
evaluate the equilibrium constant of a reaction, where direct deter- . 
mination is difficult, 


Example : The standard electrode potentials of copper and cadmium are 
—0.35 and 0.40 volts respectively at 25°С, what is the equilibrium constant of 
the reaction? 

Cd + CuSO, = CdSO, + Cu, 
The reaction ionically is : Cd + Cutt = Cu + Cdit 
ась X ac att aca** 
Hence Kae ГОТ EE 
The standard e.m.f. of the Cu — Cd cell, is E? = 0.40 — (—0.35) = 0,75 


RT " 
20 = ро = 0,15 
ту 19 Ке = Ё 
og log Ka = 0.75 ; or Ka = 3.48 х 10° 


At 25°C, 


Other applications of electrode potentials, such as determination of activity 
etc., will be discussed later. 


Problem (i) Compute the emf of the following cells : 


«оте а d | Авц) — Ag 
(а=1) | (e—0.) || @ = 0.001) б 
Ag 7л++ | Zn 
Ф) Ав | (а = 000 | (a = 0.1) 
RT аве??? 
x nw DR toy aen 
01 
2/2031 — 0.059 log то = — 07120 
RI 


Engeascl = в-а — F та 


1 
= — 923 — 0.059 log 103 = —0.3995 


) 
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` Thestandard £^ values are taken from the table, Obviously Ag — AgClelectrode 


would be the anode and the spontaneous reaction is 
Ag + CI + Fet++ — AgCI- Fett 
The e.m.f. of the cell is 
E = £Ag- A&CI — £Fe* "pe ** 
= — 0.3995 — (— 0.7120) = 0.3125 volt 
ёв — 0,059 log (01) = — 0.799 + 0.118 


(5) fag 
ёла = £°za — VE log (0.1) = 0.762 + 0.029 


Hence Zn-electrode will act as anode. The e.m.f. of the cell is 
КТ. аг 0.059 0.1 
= А estan — = 0, — £0 — ` — 
Е = Е 27 Daa Cy “ett 2. Gop 


= (0.762 +- 0.799) — 0.089 = 1.472 volt 


Problem (ii) Yt is easy to evaluate the heat of reaction, entropy-change, etc. 
froma study of e.m.f. of cells at different temperatures. Take the cell, 
Ag — AgBr(s) | KBr soln | HgjBr.(s) | Hg 
The measured e.m.f.'s are 0.06839 at 25°С and 0.07048 at 30°C. Calculate, after 
Stating thereaction involved, the values of the heat of reaction, free-energy change 
and entropy-change of the process, 
The reaction may be represented as 2Ag + Не,Вг = 2AgBr + 2Hg 


= $ [0.07048 — 0.06839] = 42 x 10-* 


ar 
dE - 2x96500x42x10-* 
Непс‹ ©. = ша „2 Чч. 
епсе А A s 19.3 e.u 
We havealso, AG = — 4yE = — 2536700500689 _ — 3143 cal 


The heat of reaction AH = AG+TAS = —31434-298 x 19.3 = 2808 cal 


Problem (iii) The standard Potentials for the electrodes Hg | Hg,** and 
Не | Не++аге —0.799 and — 0.855 volts at 25*C. Calculate the equilibrium 
constant for the reaction : Hg + Hgt = Hg,**. 


Construct the cell, Hg | Hg;** || Hg** | Hg 
The anodic process is 2Hg—Hg,** $ 2e ; Üuepug,** = —0.799 


The cathodic process is Hg 4- 2e—Hg ; Онер Hett = —(—0.855) 
Cell reaction : Hg + Hg+ = Hg, "E? = 40056. ` 
ЖТ MC RT 
N Е» = ines КТ 
di 27 “аша 72g ^К 
0.059 
or 0.056 = —— log K, Whence K = 79,07 
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— 18.4. Concentration cells 

Tn this type of cells, the electrodes on the two sides are of the 
same material but they are dipped into solutions differing in the 
“concentrations of the reversible ion ; such as, 


(а) Ag—AgNO; sol” (m) | AgNO, sol” (m:)—Ag 
(алг? (Gag 2) 


= ау) + = а, 
_ (b) 7п—7п$О,5о!® (ту) ZnSO, sol” (т„)—7п 
(az,** = a) | Gat? = а) etc. 


potentials of the two electrodes will not be the same as the 
centrations (and hence the activities) of the reversible ions in 
two solutions are not the same. 


in the other and the process will continue until the activities in the 

© solutions become equal. Let us denote the activities of Ag* _ 
the two solutions by а, and аз, such that 2,741. In the natural 
Ocess of attaining equilibrium, silver will be deposited on the 
ctrode in the more concentrated solution, 
process is one of reduction. If g, and £, denote the oxidation 
potentials of the electrodes, then the net e.m.f. of the cell will be 


E=€:-8: = oe по) — G6 луи) 


Since, the same metal is used in both electrodes, # 1° = #2° 
аа 08.17). 
nj a. ; yan 
Since a47-a,, E is positive. Therefore, d V s i.e., oxidation 
otential is greater in the electrode in dilute solution. The current 
ill flow in the external circuit from the electrode dipped in more 
oncentrated solution. d 3 
When the molal concentrations and activity coefficients аге 
oted by the symbols m and у, then, . ў 
RT, туз _ ВТ та ЁТ: 
nf my: oig. mt n, Yı р 
-arily on the concentration ratio тт 
ich such cells ате named concen- 


where, therefore, the —— 
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tration cells, Evidently, larger the ratio m/m, greater will be the 
e.m.f. of the cell. The concentration cells have often been used in 
the determination of the solubility of sparingly soluble salts, or the 
‘valency of an ion, etc. 


18.5. Amalgam cells, 


A galvanic cell may also be prepared by using amalgams as 
electrodes instead of pure metals. Two amalgams of different 
‘composition used in contact with a single electrolyte containing 
the reversible ion will form a galvanic cell, commonly called the 
‘amalgam cell ; such as 


ГА ' Ч \ LO 
Hg — Ар(с) | Ag+ in solution Ag (c2) — Hg 
(activities): a, | a ds 


Let us consider a silver-amalgam cell, in which the concentra- 
tions of silver in the two amalgams are c, and c; and the electrolyte 
is a silver-nitrate solution ; с, is greater than c. 

Suppose p, and paare the chemical potentials of silver ions in the 
two amalgams and let the electric potentials of the two electrodes 
Бе denoted by y, and y. 

Then the net electro-chemical potentials of Ag* ions in the two 
electrodes would be given by 


Electrode I: ш фп = що п, + RT in а 

Electrode Ih: He + п = He? + njds + RT In a; 

The silver ions in both the amalgams are in equilibrium with the 
ions in electrolyte ; hence these two net potentials would be the 
same, each being equal to that of the Ag* ions in the electrolyte. 
Also reference standard 14° = џи. Hence, 


Ha? d п} + RT In ay = uo + п + RT In a, 


pu AR Ыш 
Фар = nj In 
i.e., the e.m.f, of the cell, E К 
cell, E 2j ne ... (18.18) 
But aa, or E is negative ; i.e., Jis 


This means that in the externalcircuit, the current will low from 
the electrode, where the concentration of the amalgam is less. 
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18.6. Liquid Junction Potentials in Concentration Cells 

When two solutions of different concentrations come in contact, 
a potential difference develops at the junction, called the liquid 
junction potential. The potential difference arises mainly due to 
the unequal rates of diffusion of the ions across the junction. 
Inan electrolyte concentration cell, two different solutions of the 
same electrolyte are brought together and hence a liquid junction 
potential would arise. 

Consider a HCl-concentration cell, as 


(Pt) Hr (a) | НСІ (а-н, (Pt) 


in which the solution of HCl in chamber ЇЇ has a mean activity аз 
and that in chamber I a mean activity a, such that a, > аз. 

If liquid junction potential be eliminated, the e.m.f. of the cell 
would be the algebraic sum of the electrode potentials only, hence 


КТ, d 

A in 4 (А) 

J ds ( 
But if the liquid junction potential (£j) be not eliminated, the 

cell is, 


E= 


(Pt) pe НСІ (а) : HCl (a) =н, (Pt) 


the e.m.f. of the cell would be E' = E+ é -:-@) 


The potential at the liquid junction cannot be measured directly. 
Itis generally ccmputed frcm the e.m.f. of the concentration cells. 
Suppose, in the latter cell with transference, one faraday of 
electricity passes within the cell across the liquid junction. Remem- 
bering, the electrode in cell I is positive, there will be a transfer of 
t, gm-ions of H+ from chamber ЇЇ to chamber I, and a transfer of 
t- gm-ions of Ci- from chamber I to chamber П. This transfer- 
Process may be represented as 
1 Hitt Ch > НТА Сї 
The free energy change of the transferenceé-process is 
at*.at- 
BC 
AG — —RT In K; + RT In rg 
B чү 
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The едт, const. К; can be evaluated, by putting ан+=ан+ = 1 and 3 
І п 


аа-аа. = 1 when К, = 1, i.e., Іп К; = 0. Hence, 
ЧО 


at*.at- 
нұ Cle ан+ dc 
AG = RT in A = RT] t n п 
| ara ан» dcr 
| н or T И] 
' 
ан+ for 
= ЕТ pinn (1—1) n— 
а s 
Pi in 
а : 
ан ci- dor- 
SRTA EE ine 
agric- g- 
uo T п 
Since ан+йс- = a? and dy». der = dat, where di, dy are the mean 


п 
activities of dis two HCL-solutions. Further, the ratio of the шай 4 
vidual activities of an ion in the two solutions may be assumed to | 
be equal to the ratio of the mean activities of the electrolytes, 6» | 
асі [er = аа. So 


P I di t diy ; ay 
AG = RT |t, т zh | RT Qt; —1у n 2 
m ORT( — te jng SOART fu Ot e 


v+u a К 
. Where и, v are the mobilities of the Ht and Ci- ions respectively- — 


Now AG = —njéj = -Jé 
ks Unies sp ATA 
а 
ог £j vay nA (18.19) 
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The junction potential thus depends not only on the activities of 
the two solutions but also on the mobilities of the ions. 

Substituting the values of E and £; in equation (В) above, the 
e.m.f. of the cell with transference, 


‚ RT ар, v—HRT | d v RT, d 
В F: n j tuy CR v+u j ay 
RT, a 
= 21.5 п: s.. 618.20) 
рл 55 j In ii (18.20). 


18.7. The Donnan Equilibrium 


It has however been found that even careful measurements. 
of osmotic pressure gave results for mol. wts. of macromolecules. 
much lower than those obtained by other methods. The explanation 
came from Donnan (1911). In solution, say of a protein, there are 
giant ions having several units of charges which are counterbalanced 
by opposite charges of normal sized simple ions, When a protein. 
solution is kept separated from an ordinary salt solution by a 
semipermeable membrane, it is expected the ordinary ions would 
only diffuse out, the giant macromolecular ion is indiffusible. But 
the small ions though diffusible through the membrane do not 
escape as the energy required to take these away from the field of” 
the giant ion is quite high. The observed mol. wt. fromosmometric 
experiment is thus a number average mol. wt. of the giant ion and 
the other ions dissociated from it. The Donnan's membrane effect. 
Would be understood from the following : 

Suppose a semipermeable membrane separates а sodium chloride. 
solution (conc. с) from a solution of NaP (conc. c), in which P- 
is a non-diffusible macromolecular ion. Since P- ions cannot diffuse 
but Cl- ions can, the latter will pass from one side to the other. To 
maintain electrical neutrality, sodium ions will also diffuse. At 
equilibrium, an amount x of Nat and Cl- ions would pass. The- 
concentrations would be as follows, because of electrical neutrality” 
in each chamber. 


Initially : с, су Ca Ca 0 
Ateqm: q—x ер, Cav!) C8 ГУ 
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Since the chemical potential of NaCl will be the same at either 
‘Side, yack, = Емас 
Hence u9--RT In (аңазү.@с-ү) = ШКТ In (ама+ц.@с1-ц) 


Les, @маз1-@сү-1 = Anat CI 

Assuming ideal behaviour, (сих) (e&—x) = (с.-х), 
Y с 

ог = 1 


с сз}2су 

-i.e., the fraction of NaCl diffused depends on сз. If c, is large, the” 
amount diffused would be smaller. It gives, ў 
x = afc + 2c). „.„@ 

"The osmotic pressure of the solution is then, Л 
7 т = RT (с + x хс) — (с — x) — (6 — х) 

or т = 2RT (cs — cı + 2x) = 2КТс, (а + е) 

(сз + 2с) ў 

(substituting x) 

The measurements of osmotic pressure in such a condition, 
-i.é., ‘swamping out’ the Donnan effect by using high concentration 
of electrolytes, gave satisfactory results for mol. wts. of macro 
“molecules. 


Membrane Potential : 
At equilibrium, the concentrations of Na* ions on the two sides 


RT, амач RTC; 
Son = — In REO e, S. qn SO 
? UNS J n Сма) 
RT, C—x RT Gi 
ЗС + С, ! 
(substituting Z) | 


Simplifying, m = in (1 —c = =) 
1 2 
eR OC RT C; 


тетте 
Яп very dilute solutions, where C, is very small. . 
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This is Donnan's equation for ће membrane potential. The- 
experiments of Sorensen and of Adair indicate the general validity 
of the Donnan relations, The later investigator showed the linearity 
of ££, against C./C, working with dilute haemoglobin solutions. 
in water. These relations are valuable in making quantitative 
studies with colloid electrolytes, in contact with semi-permeable: 
walls. 


Problems 


Use standard data from tables given in the book, where necessary. 
1. Calculate the potentials of the following electrodes at 25°С: 


(a) Си | Си++ (a = 02) 
(b) Pt | Fett — Fe*** 
(a — 0.1) (a — 0.01) 
2. Compute the cell potentials of the following : 
(a) Pt | Fe** (a = 0.5), Fe** (a = 0.2) | CI- (a = 0.001) | AgCI | Ag 


TH, TH | ce осе“ 
(Р |а = 05) а = vale OY Va Con Oy las 


3. The standard oxidation potentials of Cu | Си++ and Cu | Cu* are. 
—0.337 and —0,530 volts, What is the equilibrium constant of the reaction, 


2Cu* = Си++ + Cu? 


4. The electrode potential of Cu | Си++ (1M) is — 0.62 volts. At what 
concentration will the electrode potential be zero? 

5. The emf of the cell, T! | TICKS) | KCI (m = 0.1) | HaCls | Hg is 0.73 
volts and dE/dT = 7.5 x 10-* volts/"K. Calculate AH and AG for the- 
reaction. 

6, The emf of the cell, : 

Pt | Ce** (90%), Ce** (10%) || normal calomel electrode, is 1.464 volts. 
at 18°C. Calculate the едт. constant for the reaction, 


2Ce** + 2H* = 2Ce** + Н, 


7. At 0°C, a calorimetric determination of AH for the reaction, Zn + 
2AgCl = ZnCl, + 2Ag yields the value — 52.05 kcal. If the emf of the cell be- 
1.015 volts, what is the temperature coefficient of the cell? (C.U. 1979) 


8. At 25°C, after addition of 110 ml of 0.1 N NaCl soln to 100 ml of 0.1 N 
AgNO, soln, the reduction potential of Ag-electrode placed in it is 0.36 volts. 
Assuming activities to be identical with concentration, calculate the solubility: 


Product of silver chloride. Given €°agiAst = — 0.799 volts. (C.U. 1978) 


D 
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9. At 25°C, the temp-coefficient of the e.m.f, of the cell, 
И Ag — AgCI — KCI (5) — He, Cl. — Hg, is 
-3.4 x 10-* volts/degree. The cell reaction is 
Ag (s) + 1Hg,Cl. (s) = Hg(/) + AgCl (5). 
The molar entropies at 25'Care Sag = 10.2, 5н: = 18.5 
гапа Sage = 23.0 e.u. 


Calculate Л 5° for the cell reaction and also the standard molar entropy ОЁ 
HgCt. C Ans. AS" = 7.84 eun, Spgg,ci, = 47.9 ей 


10. If the standard e.m.f. of the reversible cell in the preceding problem be 
70.046 volts, what will be the Gibbs potential change of the reaction ? 
Ans. 1049.7 joules. 
11. In the cell, 


Cd — CdSO,(soin) || HgSO, (soln). — Hg, 


"the e.m.f. at °С, is Ep = 0.6708 — 1.02 x 10-* (t — 25) volts. Calculate AG 
-and AH at 45°С. Ans. AG = —30820cal AH = —32283 cal 


12. For the cell, Cd/CdCl, (1m) AgCl/Ag, 
Ess = 0.675 volts and ФЕЈТ = —6,5 X 10-4 volts/degree. 


“Find AH and A 5, оа for the reaction Cd + 2AgC] = Cd+++-2Cl- + 2Ag. 
13. Show that, for the cell, 


Fertig 
Fe*** (a 


0.001), 
0.1) (P) 


Zn — 7п*+ (а = 0,001) | 


‘the e.m.f. would be 1.74 volts. (Consult standard tables). 


14. The standard electrode potentials of Cu/Cu*+ = 0.345 and Hg/Hg^* 
= 0.799 volts. Calculate the conc. of Hg** ion at eqm, when metallic copper is 
‘placed in M/100 НЕСІ, solution. 


15. For the cell, Cl; — molten PbCl, — Pb, the e.m.f. at '°С, 


Et = 1.30 — 6.8 X 10-* (t — 500). Caclulate the heat of formation of PbCl; 
„at 500°C. 


СНАРТЕК 19 


IONIC EQUILIBRIUM 
AND 
THERMODYNAMIC PROPERTIES OF IONS 


The solutions of electrolytes have positively and negatively 
‘charged ions, There is always an equilibrium between these ions 
and the undissociated molecules, Such equilibria are governed by 
thermodynamic criteria. A few. of such ionic equilibria will be 
discussed here. | 


19.1. Solubility Product and Activity Product 
When a saturated solution of a sparingly soluble salt, say 
.AgCl, is in contact with the solid phase, the equilibrium is 
AgCl(s) = AgCI (soln) = Agt + Cl- 
Ateqm, AG = 0, hence, pagt + pei — пава) = AG = 0 
Л рав Helm = ШАвсц = Haeck) + RT Ina asco = constant 
Hence ий„+ + RT In адь+ + Hê- + RT In aa- = Z, (constant) 
Rewriting, In aags.dci- = (Zi — pAgt — Mei-)/RT 
`= Z, (constant), at a constant temperature. 
or Gagt.da- = е*зЇЁТ = La (constant) 2a iris hy 
Luis called the activity product of the saltata given temperature. 
‘tis the product of the activities of the ions in a saturated solution, 
Expressing La with molar concentrations and activity 
»coefficients, 
Ly = Cag +.ла+.Са-.Ла= = [Cage Ca-Ift 0s 092) 
In the saturated solutions of sparingly soluble salts, like AgCl, 
-BaSO,, HgS, etc in pure water, the concentrations of the ions will 
Фе very low ; hence fa is practically unity. Hence, 


[Cagt . Сс-]/% = Caer . Cam = Ls (Say) .. (19.3) 
"When Ls is called the solubility product of the salt. 
Obviously, Da = Бу ‚.. (19.4) 


This relation is valid for uni-univalent salts. For a salt like 
‘Ca,(PO,), in saturated solution, Ca(PO;). = 3Ca** + 2PO,—- 
Ly = ады++ Х аФо--- = [Сё,++ X Cfo,- --1/2 Eu 
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Generally speaking for a salt ApBg, 
АВ: = рА* + qB^ 

Ia = CR, fe x Cg_ ft / 

= Dy ху, where у = p +9 . 9S 


Fora givensalt ata fixed temperature, the value of the thermo- ў 
dynamic activity product La is unchangeable. The solubility product ` 
L; will be constant in ideal conditions only if f+ is unity. In that 
case, since f, = 1, La = Ls. For ordinary work dealing with — 
very sparingly soluble salts, the solutions are so dilute that fa 1833 
regarded as unity, hence L, is a éonstant. NS 

If the solution contains other ions, then f+ will change, The * 
value of Е, remains constant, hence Ls shall also change. 2 


Solubility Product and Solubility Б 
Suppose S is the solubility of the sparingly soluble salt, АВС 
in pure water expressed in gm-moles per litre. Since the solution 
is very dilute even when saturated, the salt is assumed completely - 
dissociated and the concentrations of the ions are 
Cast m S, Сс\- =S 
`. the solubility product, L, = 5° ... (19.6). — 
So, an estimation of solubility enables one to determine the solu- _ j 
bility product, TUNE 
Similarly, for the solubility of Mg(OH),, we have 
Chet + л: $, Con- = 28 
L; = Cugt+ Còn- = S х (2S)? = 45° 
In general, if S be the solubility of a salt ApBg in pure water, 
which is sparingly soluble, we have, Ca+ = pS, Cs- = 9S assuming. 
complete dissociation and f4 = 1, Then aiu 
Ls = Che X Cg-— (pS)P.(gS)* = Srte(poq)) | 
ог. Д, = S".(p?.q9), wherev = p+q 1 ү E 
LM EMEN 


or S = {—— |У 


This is the relation between solubility and solubility product. 
This means that at a given temperature the solubility of a salt 
constant. 


| 
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Determination of activity product 
(а) To determine the activity product of silver chloride, 


Since AgCl(s) > Agt + СЇ; K= aast хас = Ls 
Imagine two single electrodes as 
— ve electrode:  Ag(s) + Ag+ + e EX. = — 0.7991 
and + ve electrode: AgCl(s) + e > Ag(s) + CI- Éßs-agci = — 0.2223 
Hence, E* = Ekg — ЁЗ. acct 
= — 0.7991 + 0.2223 = — 0.5768 

Е° í 
Now log K = 0059 (at 25°С) 

E? 0.5768 
Le. =— = —- —_ Lg = 1.6 х 10-0 

e, log La 0155 0,059 °? whence La 


(6) It would be interesting to. see how the solubility product can be evaluated 
thermodynamically from e.m.f. and AG-values. 


At 25°C, the e.m.f. of thecell: Zn | Zn++(1m) || H+(1m)—H,Pt) 
is 0.761 volts. (1 atm), 


It is known that the saturated H,S-solution is 0.1 M and for the едт, 
H:S = 2H* + 5-- ; едт. constant К = 1.4 х 10-20 
Further, the free energy of formation of HS and ZnS are 
AG'g,sy) = — 8000 cal, Лб) = — 43200 cal 


It is now possible to compute the solubility product by pursuing a s i 
9f the following steps : 


Free energy change (AG^) 

(a) HS) = HSS ag. (0.1 M) AG 

O на (01M) = HS (1M) AG: 

© нё+$ =н 46, 

©. н. (0M) 2H og + Saag AG, 

© ^ ZnG)-2H*, = Zotta + HG) AG; 

(f) ZnS(s) = Zn(s) + SG) AGs 
Summing up ZnS() = Zn**yq + Sq AG^s (say) 


6 
\ Now, the net free energy change, AG$ = X AGa (when P and Tare constant) 
K 1 


32 
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Now AG = 0, since H,S(g) is in едт. with its solution, 
AG’ = RT In CffCi = 2x2.303 х298 log 10 = 1372 cal 


AG* = Абўйн„у | = — 8000 cal 
AG* = —RT INK = —2x2.303 x 298 log(1.4 x 10-*°) = 27234cal 
AG, = —nJE = —2 x96540 (0.761) joules = 34996 cal 


Аб% = — AGZasisy = 43200 cal 


42 Аб°% = EAG} = 0+1372—8000-+-27234—34996-+-43200 = 28810 cal 
But RT In (Ls) = — ЛО, where Lg is the required solubility product 
or 2x298x2.303 log Ls = —28810 

whence І, = 1x10 


19.2. Dissociation constants of Weak acids or bases — , 


In solutions, weak electrolytes are only partially dissociated. 
There is always an equilibrium between the ions and the undisso- 
ciated molecules of acids or bases, Such equilibria can be easily 
treated thermodynamically, 

The dissociation of a weak acid or a weak base may be re- 
presented as ` 


HA = Н+ + A- ВОН = Bt + OH- 


Tn equilibrium, the chemical potential of the undissociated acid or 
‘base will be equal to the sum of the chemical potentials of the product 
ions. 


| PHA >= Иң+ Б Ha- ; — ивон = He + pou- 
For a weak acid, then 


ИНА + RTInaga = р°н+ + RT inant + н°л--- RT In da- 


ant Хад- 
огЁТ1п чел = BA =н рдЗ = Kk, (constant) 
dg* Хад- 
Hence, ESIA — ka (constant) ... (19.8) 


ka is called the dissociation constant of the acid, HA. The acti- 
vities may be expressed in molal or ‘molar concentration with the 
corresponding activity coefficients, In e.m.f. measurements molality 
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basis is usually employed, but in the study of degree of dissociation: 
or of conductance, the molar concentrations are commonly used. 


Ка = тн? Хта YE AVAT olal 21019,9 
Е maa YHA о d 


Crt XCa- fn* Xfa- 

Cua ` faa ~ 
For a weak base, we may have similar expressions for the disso- 
ciation constant of the base, i.e., 


ke = (molar) wig» (19.10) 


кь 98% аон- _ Cat Совт fat Јон <.. (19.11) 
авон Свон Јвон 


If the molar concentration of the weak acid HA be C and if 
a be the degree of dissociation, then 


Cat — «СА = aC) Сил = a = ас 
Ка = SSeS е 
(1—a)C ` ЖАТ d um 
In dilute solutions, the activity coefficients be taken as unity, 


2, 
кыла ес j ... (19.12) 


, Which is the Ostwald dilution law. The Ostwald dissociation constant, 
Ка/, will be a constant only at very low concentrations. At higher 
concentrations f-terms would differ from unity and Хи’ would 
vary, : { 

If A, and A, denote the equivalent conductances at concen- 
tration C and at infinite dilution, then а = 2,/Ac. 


С 
Substituting, ka' A xoig «+ : (19.13) 


In fact, very often the determination of the conductances’ is em- 
Ployed to find the value of the Ostwald’s dissociation constant, 
ka’, 


If we anticipate that for uni-univalention the activity coefficient 
May be expressed as (Debye-Hiickel), 
In fat = Infa- = — 0.5056 Che = — 0,5056/aC 
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‘and the activity с oefficient of the undissociated acid fya is taken as 
unity, then 
Sua 
а Ка = In ka’ In Xf 
Inka’ — 1.0114/3C 
or Inka’ = 1.011 4/aC + Inka 


Both Ка’ and aC are determined experimentally from conductivity 
values. The plot of ka’ against 4/aC yields the curve as shown in 
Fig. 19а. | 
_ The linearity of the relation is easily seen at the lower га: 
of concentration. The slope of the linear portion is the theoreti ' 
expected value of 1.01 The intercept gives the value of the tru 
dissociation constant, ka. j 


027 


0 20 40 
Час XI у 
Tis 19.a. The plot of Ostwald's dissociation constant against (aC)* $ 


The dissociation constant of an acid (or a base) сап also be - 
evaluated by determining the concentration of the H+ ions in a 
solution containing the acid and a salt of the same. Let us consider 
a solution of acetic acid (cone. С) also containing sodium acetate — 


mined potentiometrically. Then 
conc. of acetic acid, НАС = C — Cyt 
conc. of acetate ion (4с-) = С, + Cpt 


Ш 
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Hence, the dissociation constant of the acid, 
— Cat XCar _ CRY CS Ca?) 
Cathe C—Cg* 

All the c oncentration terms on the rt-hand side being known, 
the value of Ка’ is known. 
19.3. Ionic Activity Product of Water 

Water, a very weak electrolyte, dissociates to a very small extent 

H:O = H+ + OH- 

In equilibrium, equating the chemical potentials of undissociated 
water with the products of its dissociation, we have 


Ka' 


Ин,о = Bat +> Lon 


at = ий,о—Ей+—Нфн- =Z (constant) 


RT In 282 Хаон= 
48,0 


dnt аон DOORS ES (constant) 


‚.. (19.15) 


ан,о 


Since ан,о = 1, in рше water. 


The constant ky is called the ionic activity product of water, 

Replacing activities with concentrations and activity coefficients, 
kw = Cyt . Con- . fat . Jou- = Kw’ fat fou- 
Where k’w is called the ionic product of water. js ; 

In pure water or in dilute solutions, the activity coefficients 
Јн+ and fon- are almost unity, and so Kw e Кш. That is, no 
appreciable error is involved in accepting ion product of water 
35 its ionic activity product. In concentrared solutions Ки! varies 
Co nsiderably but kw remains constant, at any given temperature. © 

‚_ At25'C, the concentration of H+ ions in pure wateris 1 X10-7, 
Since Cys = Cou- in pure water, therefore 
ko’ = Cao Con- = (1 x107) =:1 x 10734 

The eq uation (19.15) really suggests that in an aqueous medium, 
the product of the concentrations of Н+ and OH- should be cons- 
Tant. If we are dealing, not with pure water, but a dilute aqueous 
Solution, this relation is still valid. In an acid solution, there is a 
Preponderance of H+ ions but nevertheless there would be some 
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OH- ions, and the product of the two concentrations would be 
1 x 10-™ at 25°С. Similarly in alkali solutions, there exist some 
Н+ ions. For example, іп a M/100 НСІ solution, 


Сосови a AXIOM, 
EN Nac Oe тоа = 1х 10 


The ion product of water can be determined accurately from 
measurement of e,m.f. of some suitable galvanic cells, such as 


Ее" 


in which the cell reaction is, AgCl(s) + 3H, — Ag(s) + Н+ + Cl-. 
So that its e.m.f., 


КТ, 4м иву-@н+.ас\- 


EAE RT 
# 7 т dasci) Ха, 


АТ P 
eg a ан+ dci-, (since dag = dagci = ан, = 1) 


[ 
E 


DES Ens RE), edo 
7 aou~- 


= RT hke АТ, a ORT, ya 


; d. J. тон J. yom- 
RT Е = 
or lee mere F ln ku = nio 


The value of E? is 0.2224 volts at 25°С. 

Thee.m.f. (E) of the cell is measured using various dilute solutions 
of KCl and KOH, i.e., with different low values of mci- and mon-- 
The left-hand side of this equation is then plotted against the ratio 
of the ionic strength of the KCI and KOH solutions used. The 
curve on extrapolation to infinite dilution of the solution, i.e., zero 
ionic strength (where yci- = yom- = unity), gives the value of 


n Dn Kw. 


The value of kw was thus found to be 1.008 x 10-1*at 25°C. - 


x 


Ss pum" 
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19.4. Hydrolysis of salts 


Water exhibits a hybrid character by behaving both as a weak 
acid and a weak base. As an acid it donates a proton (Н+) and as 
a base it accepts a proton, 


H:O + AUR — AcH + OH- 


acid 
H-O + NB — NH,OH + H* 
base acid 


A salt of a strong acid and of a strong base, like NaCl, is not 
influenced by water, For neither the cation Nat has a tendency to 
combine with OH- ions nor the anion Cl- has a tendency to 
combine with OH* ions of the water. 

But if we take a salt from a weak acid and a strong base, e.g., 
sodium acetate (NaAc), a portion of the salt would be reacted upon 
by water and thus suffer hydrolysis. 


NaAc + HO = HAc + NaOH 


or, Na* + Ас- + HO = HAc + Nat + OH- 
Кеў Ас- + H,O = HAc + OH- wu. (А) 
base acid acid base 
Concentrations C(1—f) pc. BC 


If C be the concentration of the salt in solution and B be the 
degree of hydrolysis, then 


Cao- = C(l — В), Cunas = Con- = ЁС 
Now, for the reaction (A); і j 
Kac- + RT In dac- + eno + RT In ан,о 
= p^gac + RT In анас + #°on- + RT n don- 


or, — RT In 208- XdHAe _ Epu? = z (constant) 


ан,о X GAc- 
je, 2097 Xna L ky (constant), [amo = 1] |... (19.16) 


адс- 
kn is called the hydrolytic constant. 


ii |. dH kw 
Now, kn = 298. ан: = ky =... (19.17) 
ic 21919 
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We have seen in the last section that ky and Касап be experimentally 
determined so Къ can be evaluated. 


Again, ky — Ton- Ханд. _ Con- XCar _ pac | 
адс Cac- 
(assuming fon-/fa.- e 1, and f being small) 


-. degree of hydrolysis, В = Vinje = Vkul(Ka.c) 
And conc. of H+, Cg, = ku/Con- = kv/BC = SZAZ 


Taking negative logarithms. of both sides, 
PH = } pkw + Арка + } log С 


1 
= 7.0 + {рка + $log С; (1021075 =F) pku) 
‚.. (19.18) 

The solutions having pH below 7.0 are acidic and those having 
PH above 7.0 are alkaline. The acidity or alkalinity of a given salt 
solution can thus be easily known 

In the same way, similar expressions can be deduced for salts 
derived from strong acids and weak bases (e.g., NH,CI) or for salts 
derived from weak acids and weak bases (e.g., ammonium acetate, 
NH,Ac). 

Tn the case of 

(i) Salts from a strong acid and a weak base 


Ыш a PH = 70 — ipk; — 3og C 
(ii) Salts from a weak acid and a weak base 


= kw, бар? 
ky = Kak, >? PH = 7.0 — ір + арка 


THERMODYNAMICS OF IONS 


The transformation of atoms of elements into ions involve 
energy-changes, hence the thermodynamical properties such as 
enthalpy, entropy, free energy, etc. of the ions would be different 
from those of the atoms, The thermodynamic characteristics of : 
ions would be taken up in this chapter, 
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19.5. Enthalpies of the formation of Ions 
The heat of electrolytic reactions enable us to obtain an idea 


of the relative enthalpies of the formation of ions in dilute aqueous 
solutions. This has been discussed in Sec 3-5. 


19.6. Free Energy of Ions in Solution 


When an element is transformed into its ion, there would be 
а change in free energy. The free energy, С, of an element is taken 
as zero at the standard state, by convention. The change (AG) 
in the formation of the ion is obviously the free energy or thermo- 
dynamic potential of the ion, An absolute value cannot be given 
to the free energy of an ion but it can be relatively expressed by 
accepting a standard value for a given ion. Usually, the free energy 
of the hydrogen ion at the standard state is accepted as zero ; 
С°н+ = 0. That is, the standard free energy of formation of H*-ion 
(i.e., Н — H+) is taken as zero. 

(a) It is often convenient to determine the standard free energy 
of an ion from e.m.f. measurements. Let us take an illustration. 

Consider the reaction when zinc is dissolved in dilute acid, 

Zn + 2H+ > 2п++ + Hs 

The free energy change in the process is given by, 

AG = pzs** + pg, — Hza — 2n 

= ott + RT In aza+++ pil, + RT In ag,— иа 
— RT In az, — 2ий+ —2RT In ан+ 
When all the components are taken in the standard state with unit 
activities, and further because pfi, = на = ... = 0, we have 
AG? = platt —2ий+ = Gatt — 2GQ" > 
as the chemical potentials (и) are the partial molal free energies. 
Moreover, by convention, Git "= 0, 
AG? = G'zo* + ... (А) 


If this reaction be carried out in а cell, 


Zn — ZnCl, | HCl— Hs 
Sol Sol? 


With solutions having unit activity of ions, then 


— AG = пјЕ = nS — Shs] = "JE 2o s- (Aa) 
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E? = emf. of the cell, £2, = electrode potential of zinc, 
and Zh, = electrode potential of hydrogen = 0. 


— 2 x 96500 
AG? = Ghats = — пуат, = — 1000 
Similarly, for the formation of any positive ion, (M**), 
M+ xH*-. Met + ŠH, 


the standard free energy of the ion is 


Girt = — x TAS ‚2... (19.19) 
We may now consider the case of a negative ion, say the chloride 
ion. The change in the free energy (AG?) under standard states, 
for the reaction 
Cl-+ H+ = ich, 4+ an, 
is given by, AG" = фро, — pit — uli- + dues, 
By convention, Bü, = uie = ig, —...— 0; 
15 AG" = —udi- = — G&- 

For the cell, Н, — НСІ (aq) — С1„, under standard states, 

AG? = —пўЕо = TANE = €%,) лу, 


Goi- = nf, 
For any negative ion Hy ngos = Н, = B?-.--xH* 
The standard free energy of the ion, 
Вз = ee +.» (19.20) 


etween the element and its ion cannot be made, the free energy of 
the ion is to be determined indirectly. 


Let us attempt to find out the thermodynamic potential of 
Ѕп++++ ion. The @ 951, за++++ cannot be directly measured. 

But we know, for the reaction i 

За Smite? еннен ырш GR OM Aca a: ‚ (Ay) 

and, Snt+— $п++++ 1 2e; OS sat tsnt +++ = —0.150... (Ag) 


АЫ Y pe 


THERMODYNAMIC PROPERTIES ОЕ IONS 507° 


The standard free energy changes аге, 

AG, = —27(0.140) ; and AG’, = — 2(—0.15) 
Adding the two processes, Sn — Sn**** + 4e 

AG? = (—0.287 + 0.307) = 0.027 


96500 К 
42 


The standard free energy per gm. ion of stannic ion is 459 cal. 


0.02 x al = + 459 cal 


Problem : Using standard electrode potentials calculate the free energy- 
1 of ferric ions. 
From the table, we have 


(1) Fe — Fe** + 2€ S've_pett = + 0440 (1) 
(2) Fett > Fe*** 4 € рон рот = — 0.770 (1) 
Fe > Fet** + 3e 
The AG-values of the processes together, j 
AG = JET + TEW 
= 20700.44) — J(—0.77) = —0.117 = —2528 cal 
2. The thermodynamic potential of ferricion = — 2528 cal. per gm. ions УУ} 


In the table appended below are listed the standard free energy 
values of some of the common ions in aqueous solution, 


TABLE : THE STANDARD FREE ENERGIES OF IONS 
IN KCAL. AT 25°C 


Ton 6° Топ G^ 

Na* = 62:59 Cle — 31.33 
K+ — 6143 Br- — 24.58 
Ag* + 18.44 I- ©1233 
Са++ —132.70 NO;- — 26,25 
Mgi+ —107.78 OH- — 37.60 
Zn** — 35.18 575 — 128.42 
Fe** — 20.30 SO,— —176.10 
Ape —115.50 Cor —126.40 
Feitt = 253 РО —241.00 
Cutt + 15.91 H+ 0.00 
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19.7. Standard entropies of ions 


In a saturated solution the dissociation of a sparingly soluble 
salt, ВА» occurs as, 


BrAy = хВ+ + yA- 


The entropy-change AS? due to dissolution is the difference of 
the entropies of the resultant ions and the entropy of the solid 
‘salt. 


ie., AS? = ES% ons — Sonia ‚.. (19.21) 


‚Ах 0 
But AS = SURAE 22.09.22) 


A knowledge of the two quantities AH? and AG? would then 
enable us to determine AS?. We may proceed to ascertain the values 
of AH? and AG? in the following way. In a saturated solution 
under equilibrium, the chemical potential of the solid (us) will be 
‘equal to the sum of the chemical potentials of the ions ; 


Hs = Xp, + yp- 


or из + RTIna, = xu% + yp? + RT In аха» 
Now x+ у = number of ions produced = у (say) 
and а; = 1, а.а = а 


Further, putting m = molality of the solute in solution and у = 
mean activity coefficient of the solute, 
xp + ура. — we = — RT In ax д> 
or — AG? — — v RTIna, = — у RTIn (ту): ..:. (19.23) 
Using Helmholtz relation, we have 


AH? = yRT? [25e] <. . (19.24) 


where AH” is the increase in the heat content due to the dissolution 
of the salt in saturated solution. When the molality of the solution 
is known and the activity coefficient is determined separately (say, 
by applying Debye-Hiickel Law), then both AH?’ and AG? would 
be known. 

In the case of a sparingly soluble salt, the solution would be 
extremely dilute and the salt would be completely ionised. In such 


see eS Se ee = 
k] 
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conditions y may be taken as unity and the molality т may be re- 
placed by solubility (s) of the salt. 


That is, — AG? = yRT In s 


X dins ( ‚.. (19,25): 
AH? = у RT? E 
So, in salts like silver chloride, the solubility measurements at 
different temperatures would enable us to calculate AG? and ДН”. 


We have also an alternative method of measuring Л Н”. Suppose the heat-- 
contents of the ions in standard states in dilute solution be denoted by Но, and 
Н°_ and let the heat-content of thesolid be Hs. Then, increase in the heat-content 
due to the dissolution of the salt 


АН = xH} + уН? — Н, = Н — Н, 


where H,° is partial motal heat-content of the solute at infinite dilution. Thus. 
AH? is the heat of solution of the salt at infinite dilution. AH? may thus be: 
obtained from calorimetric measurement of the heat of precipitation of the salt 
from the dilute but saturated solution with the sign changed. 


From equation (19.22 and 19.23) 


ase = A+ 7 Еті (т) 
Sy E Sons 15 = AE + yRInm+ vRIny ‹.. (19.26) 
For a sparingly soluble salt, m = solubility s, and y = 1, 
У59% = 5, + аи vRins «++ (19.27), 


In the case of silver chloride, 
Slagt + 5% = База + am + vR In Сда 


The entropy of the solid state (Ss) can be determined from the- 
heat capacity measurement by the application of the third law. 
The equation (19.27) thus enables us to calculate the sum of the 
ion entropies. The absolute value of the entropy of an ion cannot 
be fixed. Only the relative value can be obtained with reference 
to a standard value given to a definite ion. By convention, the: 
entropy of the H+ ion (5°н+) has been fixed as zero. 
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‚ Now if we carry out the dissolution of the metal B in dilute 


-acid, as 


B-xH* = В+ Hs 


‘the standard thermodynamic potential of B7* will be given by 


Git = —хў# 8+ = — x Ebt 


-and the entropy-change of the process would be, 


AS? = 58+ + 7-58, — S — х$й+ 
Gs) Sge 70) = Sg T3558. E yd 7... (19.28) 
0 
сагаа A Sge + 5-58, — 58 
от Sp О E sg, БА хума 


"The last two terms on the right-side are experimentally determined 
and the standard entropies of the elements (B and H;) can be taken 
"from the Table. The entropy of the metal ion (B+) is thus known. 


Equation (19.27) gives us, Espns Le. (5$8+-- SA-) 
Since XS and Sg+ are known, SR- is also evaluated. 


The entropy of the reversible ion 58+ can also be found out 
"if its standard electrode potential at more than опе temperature 
be known. From Gibbs-Helmholtz relation we know, 


-Applying equation (19.28), 


Ser = 98 — E58, — Ау (SE 
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The standard entropies of some of the common ions are 
tabulated below: 


TABLE: STANDARD MOLAR ENTROPIES OF IONSAT 25°C 
IN CAL/ PER GM-ION-DEGREE 


Ton Ay. Ton s 
Nat 14.0 OH- — 2.5 
K 24.2 ci- 13.5 
Ag 17.5 Br- 19.7 
NH,* 26.5 1 25.3 
Mg** —31.6 CO,- —13.0 
Са++ —14 S0,-- 44 
Cu —26,5 Sz — 5,5 
Zn** —25Л NO,” 35.0 
Cd —15.6 ClO, 39.4 
Hg.** 17.7 РОТ? —45.0 
Sn** — 49 NO,- 29.9 
Pb** 3.9 MnO,- 46.7 
Fett —25.9 CN- 25.0 
Ferri —61.0 

Ape —16.0 H* — 00 


Examples(i).Entropy of a cation : (a) The temperature coefficient of the stan 
dard Ag — Ag* electrode potential is 0.967  107* volt/degree, Determine the: 
entropy of the Ag+ ion. ri 1 


Ав + Н+ = Agt + iH: 


AS® = Sip + 158, — SAg— SH* 


e. Shet = Sig — ISl, H AS" 
But А$°= х7 Pana Sig = 10.2; 58, = 31.2 (from tables) 


96500 PR ; 
—— —16.8e.u./gm ion. 
S&,*— 102 15.6 + 7, 5- (096720107) елет 

(b) The heat of solution per gm atom of cadmium in dilute acid is — 17500 
calories at 25°C, The entropies of Cd metal and Hy are 12,3 and 31.2 respectively 


AndS*ca.cat* = 0,402 volts. 
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Calculate the standard entropy of the cadmium ion, 
Cd + 29+ = Cd++ + Н, 
AS? = Satt + $й,— SQa— 25й+ 


AH’ — AG? 

y Satt = 50а — Sh, AS" = Sea — Sh, + с Ex 
S AH*  27ёсд 
= Séa — Si, T + T 


17500 2х96500 7 
= 12.3—31.2— —— — + ———— (0. —12.45 еп, iom 
12.3—31.2 2987 7 12х29 (0.402)=12.45 e.u./gm i 


Example (ii). Entropy of an anion: The solubility of AgCl in pure water at 
25°С is 1.32 x 10-5 and the mean activity coefficient is 0.9985. The heat of the 
solution of the salt is 15740 cal. The entropies of solid AgCl and of Ag* ion are 
22.97 and 17.5 respectively. Calculate the standard entropy of the chloride ion. 
We know : 


H’ 
Уба = SReci + 4 + 2R In (my) 
AH? o 
or S&- = SRgci + “т 1252X2303 log (my) — Sig 


= 297+ 92 log (1.32 х 0.9985 x 10-5) — 17.5 


= 14.08 e.u. per gm. ion 
The determination of ionic entropies and ionic thermodynamic 
potentiais is very useful ın calculating the electrode potentials which: 
cannot be directly measured. 


Example (iii). Electrode potential of Aluminium. The heat of solution of alu- 
minium in dilute acid is — 126300 calories and the standard entropies of Alumi- 
nium, Hydrogen and А1+++ ion are 6.75, 31.2 and — 76.0 respectively, calculate: 
the standard/electrode potential of aluminium. 

. It is given 
А+ 3H* = Altt+ + 3H, ; AH? — —126300 cal 
The entropy-change of the process, 


AS? = +++ $Sg, — ShI 359+ 


= —760--$x312—675 — 3 x0 = — 35.96 e.u. 
Then, AG" = AH*' — TAS? 
= — 126300 — 298( — 35.96) = — 115610 cal 


But AG? = Gap + н Gh, — GÀ — 3G * 
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The last three terms аге separately zero, 


Gurt = AG? = — 115610 
—~3F8% = — 115610 
—115610 x 42 
v eae t: 
EM = x 96500 1.67 volts 


Example (iv). Electrode potential of the fluorine electrode : Yn order to deter- 
mine the electrode potential ofananion electrode, usually the heat of formation 
of a salt of the anion in solution at infinite dilution is measured. This data 
together with the knowledge of the entropies of the jons and elements constitut- 
ing the salt enables us to find out the electrode potential. 

Given the entropies : Sa = 12.3, Sg, = 47.0 

S&* = 14.0, sg- = —23 

and the electrode potential “алат = 2.712. The heat of formation of sodium. 
fluoride in solution at infinite dilution is — 136 K cal. 

That is, 

Na-+}F, = Nat+F-(ag); AH’ = —136000 cal 


Ghat = — nJéN = —1x p х 2,712 = — 62566 cal 


The entropy-change, 

AS? = Shat + Sp- — 5а — SP, 
140 — 2.3 — 12.3 — 23.5 = — 241 i 
Now AG? = АН'—ТА5° = —136000—(298) (—24.1) = —128819 cal 
But 


\ 


AG = Gat + Gp- = Gha — 4%, 
= Ghat + GR- -— 0-0 
@- = AG + = 128819 + 62566 = — 66253 cal 


= GE == 266253: — — 2.87 volts 
nj 1 x 23070 | 


Example (v). Calculation of activity product : The standard thermodynamic 
potentials of PbSO,, Pb*^* and SO,-- are —195, —5.8 and —176 kcal respec- 
tively, Calculate the activity product of lead sulphate at 25°С. 

When PbSO, is dissolved in an infinitely dilute solution, 


PbSO, = Pb*t + 50,7 
the change in thermodynamic potential of the process is 
AG? = Gett + 080%-- — бўьзо, = 132 kcal 
3з 
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Again AG? = —RTIn(Zq) ; (Lg is the activity product) 
13200 
oe og (La) = — 3: 982303 
or Lg = 1.09 x 1071 
Problems 


1. For AgCl(s) = Ag+ + Cl- ; AH? = 15650 cal 
Given $°%°дс = 22.97, Sag+ = 17.67, and S"cj- = 13.17 eu. 
Calculate the solubility product of AgCl at 25°С. [Ans.1.8 x 1072] 


2. The solubility product of PbI, is 7.5 x 10-° аё 15°C and 1.4 x 1078 
‘at 25°C. Show that the molar heat of solutionof PbI, = 10.600 cal. Calculate 
the solubility of PbI, at 35°С. 


3. Calculate the solubility of TIBr at 25°С separately from the data given 
below : 


G) TIBr Ti+ Br- 
Аб —397 —7.8 —24.6 Кса1 
(ii) For the cell, ТІ — Т1Вг(з) | Br~ || TI* | Ths) 
the emfis Е° = 0,322 volt. [Ans : (i) 4.5 x 10~* (ii) 3.6 x 10-*] 


4. At 10°C, the ionic product of water is 0.314 x 10-1* and at 34°C it is 
2.16 X 10-%, Calculate the heat of formation of water from Н+ and OH- ions. 


5. Calculatethe percentage hydrolysis of sodium acetate in 0.1 N solution 
at 25°C, [aceticacia, = 1.8 107°; ky = 1.2x 10-4] 


6. Calculate the ionic product of water from the emf of the following 

«ell at 25°С: 
(Pt) — Ha (1 atm) | КОН (0.01 m) || KCI (0.01 m) | AgCI()-Ag. 
E? = 1,0503 volts. 

7. Calculate : 

(a) the standard potential of. Ag-Ag* electrode if the thermodynamic 
potential of Ag* is 18.44, 

(5) the entropy ofthe Zn^* ion, if the temp-coefficient of the electrode 
potential of zinc is — 1.02 x 105 and the entropy of solid zinc is 9,96 e.u. 


© the ionic product of water at 25°C, if the standard thermodynamic 
‘potentials of OH- and of H,O (7) be — 37.6 and — 56.7 kcal respectively. | 


8. The following data for BaSO, at 25*C are given, 
S'mso, = 31.5 еш. AHgom = 5970 cal 
SBa = 23 eu, Solubility = 9.6x 10-* molal 
what will Бе the entropy of SO, jon? 


CHAPTER 20 


SOME OTHER INTERESTING APPLICATION 
OF THERMODYNAMICS 


1. MAGNETO-CALORIC EFFECT : ADIABATIC DEMAGNETISATION 


20.1. Types of magnetism 


The electrons of an atom are responsible for its magnetism. 
The rotation of the electrons in closed orbits is virtually equivalent 
to a circular current and thus every rotating electron behaves like a 
magnetic shell possessing a magnetic moment. 

(а) When the individual moments of the surrounding elec- 
trons in an atom cancel each other and there is no net moment, 
the atom becomes diamagnetic. If a magnetic field be applied 
to this, the orbits are altered such that the acquired moment is 
proportional to the field. The diamagnetism is independent of 
temperature. 

(6) In many cases the electronic orbits are such that there 
is a small magnetic moment associated with the atoms. When 
a magnetic field is applied the atoms would tend to line up the 
moments in a definite direction. With low field strength the effect 
is proportional to the field but it tends to teach a constant value 
at high fields. This is paramagnetism. It depends on temperature 

and decreases with rise in temperature. 

(c) When the net magnetic moment is large, the atoms arrange 
and align themselves in a pattern of ordered groups. A small field 
even would induce a large magnetisation in such cases. This is 
called ferro-magnetism. А M 

A paramagnetic substance has the chance of acquiring ferro- 
magnetic property if the temperature be lowered. The temperature 

Of transition from the paramagnetic to the ferromagnetic state 
is called the Curie-point (or Curie temperature) of a substance. 
Thus iron has a Curie point (1043 K) and Gadolinium sulphate 
(nearly 1*K). d А ; 

The co-ordinates used in dealing with magnetic properties 
may be mentioned. 


() The magnetising field (also called magnetic intensity), 
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denoted by 3, is expressed in dynes per pole called Oersteds. 
An Oersted is the measure of the magnetic intensity when a unit 
pole placed in the field is acted upon by a force of one dyne. 

(ii) The intensity of Magnetisation, J, is defined as the 
magnetic moment per unit volume. It is expressed in pole-strength 
per unit area. The magnetisation of a gm-mole of a substance is 
denoted by M, such that M= F xV. 

(iii) The magnetic susceptibility, к, is the ratio of the magne- 
tisation „Я to the magnetic field, 27, 

Z 


ке ж 


Ж 


For many paramagnetic substances the susceptibility varies 
inversely as the absolute temperature, i.e., 


jd e where C is a constant. 


In other words, M = куж = C. € V «+ (20,1) 


This is the well-known Curie’s equation and C is called the 
curie constant. 

(v) The work of magnetisation may be represented by 
— Hd the product of the field and the increase in magne- 
tisation. The negative sign is due to work being done on the system. 


20.2. Thermodynamics of paramagnetic substances 


Taking into consideration the magnetic work in a given system 
of a paramagnetic substance, we have from the First Law, 


dQ = TdS = dU + Pav — жа 


When only the magnetisation or the magnetic field changes, 
the pressure and the volume of the System practically remain un- 
altered, hence 


TdS = dU — жау 


That is, for such processes, Т, H and M may be regarded as the 
variable parameters of the System. So, we can write, the enthalpy, 


Н = U-. PV — AM 
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the Gibbs potential, G = U + PV — TS — FM 
Their differentials should be (P and V constant), 

dH = dU — аж — Ma# = Таз — MIH ... (a) 
dG = dU—TdS —SdT— #d — MAH — —SdT — MAF 


(b) 
From (a) (se =e id -—f 
Б 28H Жун E 
FT ДШ aS lg 
Hence, [2 à —— o SER CY 
From (b), Ale ази] 
2G Е | оа шц (К 
d 927! r 027 0T 
Hence, 25), = (54 24. ..(d) 


Equations (с); a are really Maxwell's relations substituting P 


by — X and V by M | 
We may further define Ср as the heat-capacity of a mole of 


the paramagnetic substance under a constant field, 27. So, 
T (2), 2 @ 


we da on integration, under 


Ww (5), = 


Now гай equation (с), 
adiabatic conditions, 


(AD), = Tj-Ti — “+ (24 pit 


ра f | NS 


Ms) ав Т; ж (from е) 
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aM 
Or Ty — рс на (4 аж ‚ AF 
С. УШШ 
EA di 0 ) EA 
Since variation of temperature would be small Cx may be consi- 
dered as constant, 
This relation gives us the variation of temperature with magne- 
tisation. The phenomenon is often called magneto-caloric effect. 


From Curie Law, M= GER or, (54 1 =~ caer 
Rewriting equation (Р). 
Hy Hy 
Lorde V x СИ 
т Cg y, ( тт). жж > HAH 


at very low temperatures, 

When the field is reduced to zero from its initial value Hi, 
then AT = TT СУ жег 2.0 

1 Ti Cy 2 

indicating drop in temperature, 

Since Cy becomes very small near absolute zero, hence the 
drop in temperature would be appreciale only at very low tem- 
peratures, provided the paramagnetic behaviour exists at that 
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temperature. At ordinary temperature, even with 27^ = 10* oersteds, 

AT is of the order of 0,001°. But at low temperatures of a few j 
degrees absolute, Cx falls very rapidly and so AT becomes appre- 

ciable. In fact, Giauque and Debye independently showed that 

extermely low temperatures in the vicinity of absolute zero may 

be attained by the adiabatic demagnatisation of suitable para- 

magnetic substances at as low a temperature as possible. Onnes 

pointed out that Gadolinium sulphate, Gd,(SO,)3, 8H;O satisfies 

the conditions required. Giauque and Macdougall carried out} 
the first adiabatic demagnetisation of Gadolinium sulphate and] 
reached a low temperature of 0.53°K. Later, experiments were. | 
carried out by de-Haas, Simon & 
Kurti, and others and a temperature 
as low as 0.0014°K has been attained, 
In these experiments, different salts 
like Iron-ammonium-alum, chromi- 
um-potas-alum, ceric-ethyl-sulphate, 
copper-potassium-sulphate, etc. have 
been used. Salts having smaller 
interactions between the magnetic 
moments of their ions would be suit- 
table for the purpose. An outline of 
the experiment may be given. 


SAS 


SES 


The paramagnetic salt in the form of an 
ellipsoid or a sphere of compressed powder 
is placed in a narrow container (Fig. 20а) in 
ап atmosphere of Helium gas. The container 
is surrounded by liquid Helium cooled to 
nearly 1°K. The whole thing is enclosed in 
à narrow vacuum jacket and immersed in 


low temperature thermostat of liquid Hy- Fig. 20a 


Hum The pumps and manometers are 
attached to the system for necessary evacua- i 
tion and ad measurements, Fine coils, primary and secondary, are placed 
round the container to measure magnetic susceptibility when desired. The entire 
arrangement is kept between the poles of an electromagnet, which can be 
Switched offand wheeled away readily for demagnetisation, A field of the order 
030,000 oersteds is often employed. The heat of magnetisation is conducted 
away by the Helium gas to the liquid Helium bath. The container is next evac- 
uated. The salt is magnetised at 1°K, and thermally isolated. Next the magnetic 
‘field is switched off and the field is reduced to zero by removing the magnet. The 
Susceptibility is measured. ‘The direct measurment of the low temperature attain- 
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ed after demagnetisation is not possible. That is why the susceptibility is mea- 
sured and assuming the validity of Curie-Law, the low temperature is calculate 
‘This calculated temperature is not the true Kelvin temperature and is termed. 
the Curie temperature or the magnetic temperature. 


Let it be denoted by 65. 


О, e 

Then Om = me ce (Curie Law), 
the magnetic temperature is then converted into Kelvin tempera~ E 
ture. 


20.3. Conversion of magnetic temperature to Kelvin temperature 
We know, ў 1 

Таз = dU— жа M 

Suppose the field is zero and kept constant, 1 \ 


QU а) 
t = A 
hen T 251520 ^ MU 


E =0 


where T i is the temperature expressed in Kelvin scale. Its value 
«an be obtained by determining the quantities on the right-hand. 
side. These determinations were done in the following way. AM 
quantity of a paramagnetic substance is taken at a known tempera- 


o H> H om —> 
Fig. 20b Fig. 20c 


ture Ti, determined by He-vapour-pressure thermometer. In 
Fig 20Р, the point A determines its initial state. Its entropy at А 
is S4 (say) andit is under zero magnetic field (Z = 0). The атар. 
is made by plotting temperature against field. 
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It is then magnetised isothermally until the field becomes 
Ji from zero. The point В dentotes its magnetised state. Let 
the entropy now be Sg. By directly measuring the heat-change 
AQ in the magnetisation, the entropy-rise Sg — S4 ( = E 
is known. 

Then the substance is adiabatically demagnetised until the 
field again becomes zero. The entropy does not change. There 
will be a drop of temperature when the point C is reached where 
(Ж = 0). The entropy difference between states A and C 
= Sc—S4 = Sp—S4. , 

Let the temperature at the point C be T°K or bn (magnetic) 
calculated from susceptibility measurements. It is obvious that 
Om as well as the entropy change Sc—Sa (= AS) would depend 
upon the applied field 27; Demagnetising with different initial 
fields 274, the different values of Om are obtained, the entropy 
changes AS are then plotted against 65 as in Fig. 20c. This enables 


the calculation of ( ls o Which is required in equation (//). 

m Е à 
Finally, at zero field (gf = 0), the paramagnetic substance is 
heated from бл to O'm and the heat absorbed is estimated directly. 
The heat is supplied, say by introducing y-rays or radiation of a 
heated filament or from an induction heater etc. 


Then at ж = 0, (22), = (Ego 


By substitution of these quantities in equation (h) the magnitude 
of Kelvin temperature T is known. , 
20.4. Another interesting fact may be noted. Since M = КУЖ 
(eqn. 20a), 

as 
д дк j ôk їй ү д8 iaa 
(28 m ale DIE (2) [zz r 


from eqn (d). 


25 ) L. 0 (Third Law) i.e. the susceptibility 
Tlg 


Hence as T — 0, (57 


of all paramagnetic substanes tends to zero. 
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П. THERMO-ELECTRIC EFFECT 


20.5. The Seebeck effect 


If two wires of different metals A and B are joined end to end 
to form a closed circuit,tand then, one of the junctions (say P) be. 
heated while the other junc- 
tion is kept cold, an electric 
current is produced in the 
circuit (Fig 204). The flow of” 
electric current means gene- 
ration of e.m.f. and the pro- 
duction of electric energy in 
the system, evidently at the- 
Fig. 20d The Seebeck effect. expense of the heat received' 


at the hot junction. This is 
therefore, a thermo-electric Phenomenon and is commonly called: 
the Seebeck effect after the name of its discoverer, 


From the electron theory. we may Say, that within the Metals, the electrons 
heir densities in different metals are 
» there is a tendency of the electrons 
giving rise to a potential difference. 


hotter than another, the transport of electrons across the boundaries would be 
greater in one than їп the other. That is, the potential differences at the two: 
Junctions are unequal and a current will flow, 


From the Study of a large. number of metal pairs, Seebeck 
prepared a graded list of metals to indicate the direction of the 
thermo-electric ¢ 


urrent at the hot junction. The list is graded as. 
Bi. Ni, Co, Pt, Cu, Hg, Pb, Sn, Ag, Zn, Cd, Fe, Sb. 
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The thermo-electric e.m.f. produced is expressed by the em- 
pirical relation, 


E = a0+ b@ 


where 0 is the temperature 
difference, a and b are constants, 
The E-0 relation is a parabola. E 
The maximum e.m.f. is pro- 


duced at Le 0, ie. when 
do 3 А 0 


= = 5 (Fig. 20e). Fig. 20e 


20.6. The Peltier effect 


In 1834, Peltier discovered the opposite phenomenon. He: 
found that if a current flows across a junction of two metals, there 
was either evolution-or absorption of heat, i.e., electric energy is. 
rendered into thermal energy. 

In the iron-copper thermocouple, we have seen, the, current 
flows from Cu to Fe at the hot junction due to the Seebeck effect. 
Now, if both the junctions be kept at the same temperature T and: 
a current is introduced in the circuit as in (Fig 20f) in the same 
direction as was obtained in the Secbeck effect, heat would be 
absorbed in the junction which was previously hot and heat would 
be evolved at the other junction. That is, the junction where the 


current passes from copper to iron will be cold and the other junction: 
will be heated, This is known 
as the Peltier effect. 

The amount of energy- 
change occurring at a junc-- 
tion when unit current passes. 
for unit time is called the- 
Peltier coefficient, 7. If g quo- 
lombs pass across a junction 

Fig. 20f. The Peltier effect. producing heat-change О jou- 
Jes, then Q — 74. 

If 7, and я, be the Peltier coefficients at the two junctions of” 

the circuit, then the net energy-change would be 7, it—7» it, where: 
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-i is the current across the junction for time t. Again, if e be the net 
thermo-electric e.m.f. at the junctions, then 
eit = mit — mit 
or e= ту — тз 

The transformations аге reversible. In a thermocouple electric 
energy is produced by absorbing heat О, at one junction ata higher 
temperature T, and after a portion of the heat is rendered into 
work (in driving the current in the circuit) the rest of the heat Q; 
is evolved at the other junction (sink) at a lower temperature Ty. 
From the Second Law, 


Ait 
Q: T, 
Again, from Peltier effect, Tut = @ 
Toit Qs 
Hence mus О uan 
Ag 2 T, 
or Има Ал Ту. 2 
тә Т, 
. T, — T, 
or (uestes Т; 2 тз 


If the lower temperature-junction be kept at constant tem- 
perature (Ty), т, will also remain constant. This indicates that 
the e.m.f. produced will be Proportional to the temperature-differ- 
ence and should increase linearly with AT ( — T, — T;). But the 
experimental observations are different. It is found that ʻe’ rises 
with temperature-difference, Teaches a maximum and then falls, 
and is ultimately reversed, The relation is parabolic. The Peltier 
effect then alone cannot account for the energy-transformations 
in a thermo-couple. The explanation was provided by Thomson 
(Lord Kelvin). It must be remembered that in these considerations, 
the irreversible Joule heating effect (i2RT) is not being taken at all 


into account. 
20.7. Thomson effect 


Thomson pointed out that when a current flows in a thermo- 
couple circuit, absorption or evolution of energy does not occur 
only at the Junctions, but the energy is absorbed or evolved all 
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along the conductors due to difference of temperature between the- 
two ends of the same. This is Thomson effect and it is a reversible 
process. 

Consider a thick bar of copper which is heated just at the 
centre, then the temperature at the two points x and y equidis- 
tant from the centre will be the same, due to conduction alone. 
Now, if a current be passed in the direction x > y (Fig 20g) the 
temperature at y will be greater than at x. Heat will be absorbed 
along xo and would be evolved along oy. 


1 Heater 


heat envolved 


Fig. 20g. Thomson effect 


1f instead of copper, an jron-bar be taken, the temperature- 
effect is neglected). 


at y will be less than that at x. (The Joule í " 
This shows that when the current flows In à conductor, in 

a direction such that temperature decreases and changes from 
on in some metals (such 


point to point, there will be heat absorpti 
as Fe, Ni, Co, Bi, etc) and heat will be evolved in others (such 
КВ the Thomson effect is 


as Cu, Ag, Zn, Sb, etc). In lead, however, t 
nil, and so lead is taken as а standard in thermoelectric studies.. 
Ina thermocouple there would be two metals and the energy absorp-- 
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‘tion or evolution along the two conductors due to the Thomson 
-effect would be different. Thus there would also be an e.m.f. in 
the circuit due to Thomson phenomenon. 

The heat-change occurring when unit current flows for unit 
time between two points differing in temperature by 1°С is called 
the Thomson-coeflicient, c. The Thomson coefficient is a function 

-of temperature, So, the amount of the thermal change that would 
"occur when i units of current flow for t seconds through a conductor 
having temperatures Т; and T; at its ends would be 


Ts 
Aq = Í itodT 
Ti 


720.8. The e.m.f. of the thermocouple 


We can now consider the thermodynamics of a complete 
thermo-electric circuit by taking into account both the Peltier and 
the Thomson effects. Let us take a thermocouple of two metals 
А and B, in which the junctions Р and Q are kept at temperatures 
T, and 7,; T, > To. 


Let m, and т, be Peltier coefficients at Т, and T, and c4 and 
"ов be Thomson coefficients of A and B. 


oR dt 


ОЕ 
T, 


мз. 


Gg dt 
Fig. 20h. The e.m.f. of a Thermocouple. 


Due to difference in temperatures of the two junctions, electric 

‘charge would be flowing through the circuit in directions as noted 

in the figure 20h. The energies would be absorbed or evolved at the 
-Junctions (Peltier) as also along the conductor (Thomson). 


Then, for Peltier effect, 
the energy absorbed at P = т; (absorption) 


the energy absorbed at О = 
-and for Thomson effect, 


— itz, (evolution) 


УИ 
i 


D 


SOME OTHER INTERESTING APPLICATION OF THERMODYNAMICS 527 


T, 
the energy absorbed by А from T; to T; = | it c4dT 
T 


$ T 
the energy absorbed by B from T, to T; = f it opdT 
Ta 


Ta 
= — f it opdT 
T; 
when current i flows for t seconds. 
Now if E be the net thermo-e.m.f. in the circuit, the total 
energy produced in the circuit = Ей. This must be equivalent 
to the sum of the energies produced in the circuit, 


Ts Ta 
or Eit = mit—mit + Í it o4dT — f it світ 
' T T: 


Ts 
ог E-—m-—T7,4 (вл — op)dT 
Ti 
If the difference of temperatures AT (= T,—Tz) be very small 
then, we have, à 


dE — йт + (са — ов)йТ Иа). 
ie, ао) — 2—05 EO 


Again, applying the Second Law of thermodynamics to this, namely, 
‘the entropy-change of the reversible cycle is zero, we have, 


К Ts 

тй яш ү [ват ar = 0 
Т, Ton ST 

or ә (2270 ESC) 

Hence b fe е куя 


т?" 


apo me Ware 0 


"or 


or r= r| + T (c4 — ов) 22.06) 
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Substituting (b) in (d), т = тэт es () 


y эт ar * Tn 
Substituting in (6), 
OE дт OE T 
VES Sp or = Тен -sGD 


In equations (i) and (її) we obtain the thermodynamic expressions 
for Peltier and Thomson effects, The values of z and c are calori- 
metrically determined, and E, the e.m.f, is potentiometrically 
measured. Experimental corroborations of these equations have 
been tested, as would be seen from the following data. 


TABLE : PELTIER AND THOMSON EFFECTS 


т F дЕ 0,—9, Е 
le > х 10° == 10° —— 10° | £5 x 108 
Coup! T* ar x10 IT 
а за М), 


Мае 
Си—Ее —10.16 —10.1 | 24 | 27 


Cu—Ni 18.9 18.8 6.0 6.3 


The thermo-electric effect is utilised in measuring small rise 
in temperature caused by radiations. Suitable thermocouples are 
often joined in series to form a thermopile and the e.m.f. produced 
by the radiations at the junctions can be registered through а sensi- 
tive galvanometer, 

For accurate estimations of temperature thermoelectric pyro- 
meters, which are truly thermocouples, are used. The radiomicro- 


meters for detection of radiations are also constructed with thermo- 
couples. 


Ш. THE THERMIONIC EFFECT 
20.9. The Thermionic effect 


simply explained from the electron theory. In the metals we have 
a large preponderence of electrons moving swiftly at random. 
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Application. of heat causes а rapid increase in the energy of the: 
moving electrons, such that some of these are shot out from the: 
surface and emission occurs. At a given temperature however very 
soon an equilibrium would be attained. The number of electrons, 
emitted per second would be the зате as that returning to the metal. 

A quantitative treatment of this phenomenon requires not 
only thermodynamic principles but also application of some of' 
the concepts of the kinetic theory. We may proceed in the fo llowing 
way, as initiated by Richardson. 

(i) The electrons are discrete particles and the electrons, 
present in the surroundings of a heated conductor may be taken 
as an electron gas, obeying the ideal gas laws. Then the pressure: 
of the electron gasp = mkT ... (a) 

where: = no. of electrons per c.c. at temperature T 
and k = Boltzmann constant, RIN. 

(ii) The electrons emitted are in equilibrium with the elec- 
trons in the solid metal at temperature T; the process is analogous; 
to sublimation. Hence thermodynamically, 

50 _ dU d pdV 

dS Hep e mm 
where, PdV = external work performed, for the process of emis- 
sion, Let us say, $ = energy-change in the emission of a single: 
electron. We may call $ as the latent heat of emission of an electron. 

Then energy-change, dU = d(n.v$) wae (b) 
where v is the volume of the system enclosing the electrons. 

Under conditions of equilibrium and at a constant tempera~ 


| fan 
ture, п and ¢ are constant, hence [ө peg 0. 


lof. (2), ‚ foran ideal gas, is zero]. 
Now, ease £ T dim) + Fav 
1 у Р 
= L wav + pale) + т 
v[(8(n9) a(nd) 
-i pene A) Fer), | 
5 rud) 
ЕЕ а 
34 
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25 1 [95ү у үдпф 
ue (5), = 7 09: (22), = 7 (ar), 
PS (и 1909 p y 1р 
QvoT . Я? T oT Т? TOT 
9S 1 nj) v And) ӘТ, v ng) 
Sado Тоту TOT OTt GT ду 5 T QTOv 
_ 1 amd) ү. 0(шф) _ 
= pare (sae = o) 
Equating the two, г Р = 2 + А 
ог, Ф -pin (е 
Since р = nkT, Т алад = nkT + пф 
^ х 
ог, nkT + kT? TT = nkT + пф 
or, kT? s = пф 
or, 2 aub ат pat do 
ү $ : 
i.e., Ae delir FPD 


where А, is a constant. 


In а gas, according to the kinetic theory, the number of gas 
molecules n’ returning to the surface per second is given by 


= n At 
2am 


where п is the number of molecules present per с.с. of the gas and 
т is the mass of a molecule. Applying this to the electron gas 
and remembering that in equilibrium the number of electrons 


emitted per second equals the number returning to the conductor, 
we can write, 


| 
i 
1 
| 
E 
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No. of molecules emitted, N = n' = n KT 
2nm 
$ $ 
al = n 
f ET JET JE ті f gri 
=A PE aes AMET UT 
ue 27m А ; 
$ 
Р. AD ; 2. (e) 


This relation is approximate, for it has been assumed that ¢ is 
not dependent on temperature, which is not necessarily true. 
When temperature is raised say from 1000? to 2000°С, the energy- 
change ¢ associated with the emission of an electron cannot be the 
same, To find a more accurate expression, Richardson later intro- 
duced the thermodynamical relations in a novel way. 

Suppose two identical spherical conductors, A and B are en- 
closed in vacuum in two chambers at temperatures T and 7" (Fig 207). 
When electron-emission takes place, let the potentials at the sur- 
faces of А and B, be V and V' respectively. As we recede from the 
surface of А, the potential will gradually fall and let the potential 
at C be И", the same as that of the surface of B, Imagine that A 


Fig. 20i Richardson's Thermionic emission 


is surrounded by an enclosure at C of constant potential equal 
to V'. Let the pressures due to electrons (considered as electron 
gas) at the surfaces of A and В be denoted by p and p‘ and let the 
pressure at the constant potential enclosure be ро. 

We can now imagine a complete reversible cycle carried out 
in the following way : 

(i) Let Avogadro’s number of electrons (No) be emitted from 
A, (ii) these electrons are carried from the surface of A (presure p, 
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potential V) to the constant potential enclosure at С (pressure py, 
potential V^), (iii) the electrons are then transferred to the surface 
of B at the same potential from a pressure pọ and temperature T 
to a pressure p’ and temperature Т”, (iv) from B, the electrons are 
allowed to flow back to the surface of A through a thin metallic 
conductor. All the steps are reversible. 


We can calculate the entropy-changes in the different steps 
of the process, as : ` 


(i) emission of electrons at А; AS, = рет 


(where ф = latent heat at Т ) 
(ii) Transfer of electrons from А to C; 


AS ax A ШЕЯ шар, = R In p[p, 


(where Q — total charge of the electrons) 


(iii) Transfer of electrons at constant potential from C to B; 
oa bs p' 
AS; = Cela —R Les 


did) 
yit 


T , 
RIn-. — Rin? 
T Po 


(here = = and R = Cp -€) 


(iv) Condensation of the electrons in B at temperature 7"; 
Nob! + RT’ 
| AS, L-— EBD (where 4’ = latent heat at Т”) 


(9) Transfer of electrons 
ductor from temperature Т” to 
conductor, 


from B to А along a metallic con- 
T, © — Thomson coefficient of the 


T 
^S = [rar 
5 ROT 
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Then the net entropy-change of the reversible cyclic process, 


po Nj + ВТ' 


Мф+ ЕТ ipe |! аў, Аузу 
T ът Rin T 


T 
Godt NS RE 
| Qui дз =o 


T 


Rearranging, and neglecting the last term which is indeed. very 
small, we have, AME 
Be A Rinp—Rinp'— RIT T Rin T" =0 


Dividing by N, and transposing, 


xd ат И TENENTES TD 
$ kinp — -Zr kin T = Gat npt E MT = i ГА 
(const.), 
hi i 
or, $t In (nkT) ч InT = * = 2» (const.). 
Differentiating, 
14 GL Ge Lee Dog 
татат Toy AT 
Таро MN Ж еШ УД 
or, Wak пат! y 
йб ч, ШЕ 
aly kTdT — y-1T 
Idn $ 
( since from (d'), we have = 7p = e| 
ne 4 жык ила ER dE 


The electron gas considered as monatomic, y = $. 


or à = RKT + Ф ү КОБ] 


where the integration constant d is really ihelatent heat of emis- 
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sion at T = 0°K. Substituting the value of ¢ in equation (e), the 
number of electrons emitted would be 


BkT+ Ф 3 Ф, 
" SAT. | —aT 
x = Ат) = vp] 2T е) кт 
$o $, 
с=т — dT у 
= тїї, | ee = AT) KT 0 


If there be a positive anode which would receive and take 
away the emitted electrons, then the thermionic current would 
be measured by the charge removed per unit time, Thus the ther- 
mionic current i, is given by 


LS dT 
i = Ne = A.eTie JKT = AST8g-UT 
where Aj = А.є and b = dk. 


This is the well-known Richardson equation for thermionic current. 
The equation may be written as 


Ini -2InT— — 2 In Ay 5n. 


^. logei — 2 logeT plotted against 7, would give a straight 


line. This has been verified by Richardson and later on, by Lang- 
muir and others. The slope of the line gives the value of b; hence 
$o is known. 

Let у be the potential at which emission of an electron takes. 
place from a metal. Then, the work of removing Nọ (Avogadro 
number) electrons would be x # (faraday). The energy asso- 
ciated with emission would be Nopo = Nobk. 


XJ = МК 


b 
dis XR 84xb 


О: = = -i 
r T n 8-8 X 0°» 


Since b is known, the potentials at which emission of electrons 
takes place from different metals are known, say, 


Фм = 4.52 ; фть = 3.38 ; jc = 4.3 ; ума = 1.82, etc. 


V is obviously a measure of the affinity of the electrons with. 
metal atoms. Emission is a characteristic property of the metal. 
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IV. THE STRETCHING OF A WIRE 


20.10. The process of reversible stretching of a wire under tension 
may be treated thermodynamically, Let us consider a wire of length 
l, at temperature T stretched by a small amount d! under a tension 
F. The work done on the system, 
w = — Ей 
The surrounding pressure remains constant and the change in 
volume is negligible, hence, we have, 
Таѕ =q = dU — Fdl = CraT — Fal 
Applying the TdS equation (eqn. 7.1), we may write 
al 
TdS = CMT T (2), 
Without introducing any appreciable error, as a first appro 
ximation, we can replace the heat-capacity at constant tension 
(Сг) by heat-capacity at constant pressure (Cp), and also 


2 by HE Thus, 


\ 


А al 

ras = Crt T (or), ---@) 
Di д1 

Further, the liner expansivity, 0 = 7, ЭТ 


h | OF 
and the Young’s modulus, y= AF 


P 


(where a = cross-section of the wire) 


al 
Substituting, TAS = CrdT + Таа (57) a «m 


In a sudden stretching of the wire, ie» in adiabatic process 


.(TdS = 0). 
al 
s Cpa = — TawY (35) # 
ат _ _Тащїй, 
or p Cr F 
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IP 
Since for metals all the quantities are positive on the right E 
‘hand side, so is negative. Thatis, in adiabatic stretching, there TA: 


‘would be a drop in temperature. | 


Problem : Calculate the drop in temperature if, at 27°C, а steel wire 100 
‘cm long and 2 mm in diameter is suddenly stretched by 0.1 mm. Given density 
= 7.8 gm per c.c. 
^. Specific heat = 0.115 cal. pergm ; a, = 1.2 x 10-5 per °C, 
- Y = 2x10" dynes/cm? 


Heat capacity of the wire Cp = 100xax7.8x0.115 4.2 x 10? ergs 


300 Xa Xx 1.2 х10-® x2 x 10 


Bd oa тте RED TIS 2I 


х0.01 = —0.02°С 


У. SYSTEM IN GRAVITY FIELD 


20-11. The free energy (G) of a substance ina gravity field depends 
upon its position along vertical height, A. Keeping all other factors 
‘constant, if a mole of a substance be raised through a height dh, 
"the change in G, is 

dG — Mgdh 


i (a EEn ME Mon 


Now take a vertical column of pure liquid. Then, G, will be 
the same at any point. In the lower part of the column the molal 
‘Gibbs energy will be less due to influence of gravity, but it will be 
higher due to hydrostatic pressure. These two neutralise one another _ 
50 as to keep G constant. We may say, in this case G depends upon 
Position in the gravitational field (Л) and upon pressure (Р), tempera- 
ture, etc, remaining constant. 


Е 0G 0G 
"n P [eee EAD 0G ie 
Е E С e (22 Eod 
(from A) = Megdh + vdP 
At eqm, . Mgdh + vdp = 0 
; дР sist Mg 
er Oh SU ..-(B) 


(p, the density) 
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"When this is extended to a gas, say atmosphere, 


dPi. MER 

dh . RT 

2 Mg 

or dinP= RT” 
P Ме go МӨКҮ, "d 
ie., Ing. = RT Ë №) = — RT’ since họ = 0 


Hence Р = Pe ™hRT = Poe tpoil RT. 


"This is the well-known Barometric formula. 


VI. REACTIONS IN BIOLOGICAL SYSTEMS AND THERMODYNAMICS 


20.12 The Coupled Reactions in Metabolic Processes 


The transformations, in which the free energy decreases, occur 
spontaneonsly. So far, in our observations, only an isolated reaction 
was considered. In biological systems however, very often, reactions 
are found to occur spontaneously in which free energy increase 
would be involved. The reactions with increase in energy are 

endoergonic reactions. But these reactions in bio-systems do not 
occur individually or in an isolated way. Generally a number of 
reactions, mutually dependent upon one another, take place simul- 
taneously. To take a simple case, an endoergonic reaction is always 
associated or coupled with a reaction in which free energy decreases 
(i.e., exoergonic reaction). When the free energy decrease in an 
exoergonic reaction is greater than the free energy increase of a 
desirable endoergonic reaction, the coupling of the two processes 
would have a negative AG to make the reactions spontaneous. 
The result of coupling in metabolic processes is that a reaction, 
which is desirable but energetically improbable, is induced to happen 
by linking it with a reaction which is spontaneous and liberates a 
larger amount of free energy. Such a coupled reaction would 
‘occur only when the two reactions have a common reactant or 
product. In bio-systems, the molecule adenosine triphosphate, 


called ATP, is the most common coupling agent. 
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The structures of ATP is given here. 


NH; 
UN 

(ATP), | {i CH VET 
Bak dd о СН; 0-Р-0-Р-0-Р-ОН 


он он он 


Fig 207. Adinosine triphosphate (ATP) formed from adenine base, ribose sugar 
and three phosphate groups. The last two phosphate bonds have high free energy 
of formation and thus serve as a store of chemical energy for living processes. 


The transformation of ATP to ADP (adenosine diphospate) is am 
exoergonic process : 

ATP + H,O — ADP + HPO,-~ + + H+; AG? =—7.1 kcal 

Hence, if this change is associated with an endoergonic meta- 
bolic or synthetic process (in which ATP also participates), the 
coupled reaction might easily be an one with net free energy 
decrease and be spontaneous. 

As an illustration, the synthesis of sucrose EA glucose and 
fructose may be cited. The transformation, considered singly is 
endoergonic. 


Coline E СНО, mi Сань + ЊО ; AG?— +5.5 kcal 
Individually, this transformation is not probable. In fact, this 


change has been rendered’ possible in nature by coupling it with a 
change of ATP, as follows: 


(4) CHO-(CHOH),-CH,OH + ATP > 
glucose 
М [^] 
ll 
CHO-~(CHOH),—CH,—Q—P — OH + ADP + H+ 


OH 
giucose—6— phosphate 
(В) Glucose—6—phosphate + fructose — sucrose -+ НРО,-- 


The sum of the two processes (A) and (B) is really a couple of 
reactions in which not only sucrose is formed but ATP is also 
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transformed into ADP, The net free energy change of the coupled. 
process is 5 
АС%е = (5.5 — 7.1) kcal 

= — 1.6 kcal 
That is why the coupled reaction has become spontaneous. 


Problems 


1. Prove that for a paramagnetic substance obeying Curie’s Law ; 
ду ( 222. 
] Io» j 
© ( 0Mlr # $9) M 


QU 
ii to 22/10 
e (Ere 
2. For an isoentropic change їп а magnetic field, show 
т? = Т? = 2011630 


where Q is the heat effect for an isothermal change with thesame change of field. 
3. Show that for a Curie solid, ‘the heat transfer for an isothermal process. 


.is given by $ 
o=- KRP -goari 


4, Consider the electron gas as monatomic and ideal and its specific heat in 
the condensed state is negligible. Show that in thermionic emission, its equi-- 
librium pressute can be expressed as 

In pe = АЕТ + $ nT + constant 


and that the saturation current 
i = A Tte Pol RT 


[Use formula for vap-pressure constant] 
5. One meter of steel wire (1 mm diameter) is stretched isothermally at ТО 
from zero to 10° dynes. Calculate the heat transferred in joules if 
Y = 2x10" dynes/cm*, а = 1.2x10-5 deg 
Ср = 0.115 сайт, р = 7.86 псп? 
d : ao ў И 
6. A paramagnetic salt, obeying Curie’s Law, is cooled to 3 K in liqui 
helium. It is then magnetised isothermally and then demagnetised adiabatically, 
During isothermal magnetisation 5 x10- joules of heat was removed. Estimate: 
the final temperature after demagnetisation, if the total heat capacity, Сн m= 
10-7? joules/degree. е [Ans. 2.785°Кү 


СНАРТЕК 21 


DETERMINATION OF ACTIVITY AND 
ACTIVITY COEFFICIENT 


The terms, activity and activity coefficient, have been frequently 
used in connection with the study of different types of equilibria. 
Some of the methods employed to determine these quantities may 
now be considered, 


‘21.1. The vapour pressure method 
(а) The activity of the solvent. The activity of the solvent in a 
solution can be easily ascertained from a knowledge of its vapour 
pressure. Let the vapour pressure of the solvent over the given 
solution be P, and that over the pure state of the solvent be P,°, 
If the vapour pressures be not high and the vapours behave more 
or less like ideal gases, the vapour pressures may be taken as the 
fugacities of the solvent in the respective states, denoted by f, and 

f,". So, we can write the activity of the solvent in the solution, as 


f, Р, 
а= ўз = ps ОТИ) 


At any given temperature, the vapour Pressure (P,°) at the 
Standard state which is the pure liquid is constant, In fact, 1/P,° 
‘is the conversion factor of P, to obtain the activity. 


mol-fraction 
Fig. 21a. Activity of solvent from vapour pressure 


a 
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In fig. 21a, the actual vapour pressures of the solvent over the 
solution are plotted, by the solid line, against the mol-fractions 
of the solvent. The broken line denotes the Raoult's law relation 
for the ideal solution. At a concentration of the solution (mol- 
fraction x), let the observed vapour pressure be P; and the ideal 
vapour pressure be P;, The vapour pressure of the pure liquid is 
Р, (at N, = 1). Then, the activity of the solvent in the solution; 
would be 

aal e 
| NET Ip. 

If the solute be a liquid completely miscible with the solvent 
and is not very volatile, the standard state of the solute may be 
taken as its pure liquid state. The activity of the solute, in such 
an event, may then be determined in the same way as that for the 
solvent, 

(b) The activity of the volatile solute : Theactivity ofthe volatile 
solute, аз, in dilute solutions can also be determined from vapour 
pressure data. If P; and f; be the partial pressure and fugacity of the 
solute in a dilute solution having a concentration of mol-fraction, 
No, then, 

a, = L = Ps where ką is a constant. 
ka k 
In very dilute solutions (Lt. Na > 0), 
аз = No* 
where a;* is the activity in the highly dilute solution of mol-fraction. 
М,*. Hence 


So, the activity of the solute in the given solution would be, 


Р y 
a= P= [уж 1.012). 


Р Р. Ib 
and the activity coefficient ум, = x Ne ... (21.3): 
When the solute is volatile enough to permit experimental deter- 
mination of its partal vapour pressures P, at different mol fractions 
(№), the method can be employed to detrmine уз. In fact, P4[N;. 
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-is plotted against N, and on extrapolation to №, = 0, the value 
of P,*|Ns* (i.e., k;)is obtained. From equations 21.2 and 21. 3 
the activity and activity coefficients are calculated. 


Problem : Anaqueous solution has the partial vapour pressure of water 18.49 
4mm at 25°С. What is the activity of water in this solution ? 
The vapour pressure of pure water (standard state) is the unit of activity. 
"The vapour pressure of pure water at 25°С = 23.55 mm. 
18.49 


<. activity of water in the solution = 2358 = 0.785 


121.2. Determination of the activity of one component from 
that of the other component 


In a binary solution, containing Nj and N, mol-fractions of 
“the two ‘components, 


Маш + №. = 0 


ог N,RTd In a, + NRT dina, = 0 

or N, dina, + N, dina, = 0 ‚2. (А) 
Again, М, + № = 1, or dN, + dN, = 0 

A ам, dN; 

8 м + = 
or Manera Sun ио ... (B) 


“Subtracting (B) from (A), we have a general relation between the 
sactivities of the components and the composition, 


Nd In amas din Z2 — 0 
s N ... (21.4) 

or, eae diny, = 0 
‘where y-terms are the activity coefficients on mol-fraction basis. 


Ci) Activity of the solvent from that of the solute : Rewriting 
-equation (21.4), 


A _ 2 а» 
dlog ИК wit log Ne 
Ns 
j a f Ns а 
:е., Hex Ns 22 
i log ^N Mia dlog N. FETA AA KeS) 


"(The limits are given as: N for easy understanding.) 


{ 
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Now, logys (i.e., log ) 

N: 

which is known from a 

separate determination is 08 

plotted | against M from | os 
1 


zero concentration to the 
mol-fraction №. The area ` 
under the curve gives the 
value of the integral in the 
right-hand side (Fig. 21). zd 
02 06 го 


‘Thus, 2 , and therefore log y,» 


.4;, for thesolventis known Fig. 215. Determination of the activity of. 
from the activity of the the solvent from that of the solute. 


:Solute, 
(ii) Activity of the solute from that of the solvent: Again, from 
-the relation (21.4), 


diny, = -Fany 01.6) 


"We know as N, approaches zero, ys > 1, i.e., In yy — 0. 


Therefore, integration of this relation between zero and Ny, 
-mol-fractions of the solute, changing the logarithm, would give 


Ney 
log y2 = — Í p, 78% ...017) 
0 


"The graphical integration of the right-side is not саа оний for, in 
infinitely dilute solutions as Nz approaches zero, RP tends to 
infinity when the evaluation cannot be made. : 

It is therefore necessary to proceed in a different way. Consider 
a sufficiently dilute solution instead of the infinitely dilute solution. 
‘Let the mol-fraction, activity and activity-coefficient of the solute 
án this solution be No’, аг and уз. So, from equation (21.6), 


Ns 
юва ТА 2001.8) 
2 wo Na! 
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This equation can easily be graphically evaluated as the limits: 
are fixed, Now putting different values of No, keeping Л,’ fixed, 
a set of values for + сап be 


2 
computed from equation (21.8). 
е Suppose y? denotes the acti- 
уйу coefficient of the solute 
at infinite dilution, which is. 
really equal to unity. We can 


write, 
уала gba, Ув 
Я Ya Уз уз Уг 
anh 2. (21.9) 
Fig. 21c. Plot of +s/7s/ vs. Na If the computed values of 


узуг' (from equation (21.8) be 
plotted against N, and the same is extrapolated to № = 0, we shall 
obtain the value of y,"/y,'. Substituting this in equation 21.9 
у» may be calculated. Thus, from a knowledge of the activity of the 
solvent, the activity of the solute can be found out. 


21.3. The electromotive force method 
The measure ofthe e.m.f. of cells has also been profitably utilised 
in determining the activity of electrolytes as well as non-electrolytes. 


(i) Non-electrolytes : The activities of metals used as electrodes. 
in the form of amalgams have often been determined from e.m.f. 
measurements. Consider an amalgam-electrode cell of the type, 


Li-(Hg) — Li-salt Soln. — Li-Hgy 


in which two lithium-amalgam electrodes at different concentra- 
tions as given below are used. 


Electrode I п 
Concentration (mol-fraction N% М” 
activities ay а” 
activity coefficients ys у 


For the passage of one faraday of electricity, one gm-atom of 
lithium would be transported from one electrode to the other. 
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The change in the free energy would be 


AG = RTInZ, = —mXE; Qnem of the cell) 


qp RT m% = 0.059 log 2, at 25°C 
2 


a n аз 
Rewriting, log a” — log ax’ = — E/0.059 
or log М” + log уз" — log a, = — Ё[0.059 
or logy” = — [505 + log м] + log а„'... (21.10) 


In very dilute amalgams, Lt.Nà* > 0,72" — 1, ie, ову = 0 


м.м,” > 0, - [sss tee | Z лова cc Q1) 


Oneoftheelectrodes must havea very diluteamalgam of activity 
a,’ and its concentration (N;") should be kept constant. The con- 
centrations of the amalgam 302291 
the other electrode are varied 
and the corresponding values 
of e.m.f. (E) аге to be mea- 
sured. Now, the quantity 
—(E[0.059--log N+’) is plotted 
against N” and the curve 
(almost linear) is extrapolated 
to N” = 0, (Fig. 214). The 
intercept gives the value of 
— log az’. Putting this value 
in eqn. (21.10), the activity 
coefficients у” for different 
amalgams (having different 2”) 
can be easily calculated and 
hence the values of ae’. 


-( £/'059+log № ) 


0 N— 


Fig. 21d. 
Graphical determination of as! 


Example ; А thallium amalgam cell, 
Heg-Tl(N,' = 0.1680) — Tl-salt solution — Tly-Hg(N = 0.00326) 


(a, = ? (а, = 0.003396) 


35 
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has an e.m.f. of —0.1356 volts at 20°C; calculate the activity as" of thallium in 
the amalgam of the concentrated electrode. 
E А , 
log ya" = -gosg — 108 № + logas 
0.1356 | Ж 
Рута log 0.168 +- log 0.003396 = 0.6361 
or Уз = 4321 
Hence az” = № хуу = 0.1680 x 4.321 = 0.7259 


(ii) Electrolytes : In determining the mean activity of an elec- 
trolyte, it is necessary to construct a cell in which the two electrodes 
would be reversible with respect to the two ions produced by the 
dissociation of the electrolyte. So, to measure the mean activity 
of the electrolyte MA, a cell of the type, 

M-—MA in solution — A 
( \ (molality, т) 
is to be taken, one electrode is reversible with respect to the cation 
M+ and another to the anion A7. 

Suppose we have to determine the mean activity coefficient of 
hydrochloric acid. We may choose the cell, 

(Pt) Н, — НСІ (m) — Hg,Cl, — Hg 
(1 atm.) 


"The cell reaction is, 2H; + 3Hg,Cl, = Н+ + Cl- + Hg 
"The change in free energy is 
Ф 2 wal 
ab = AG? + RT in (ag*.aci-) 
(Since AG = — пјЕ, and п = 1, ане = анус, = ан, = 1) 
—JE = — JE? + RT In agt.ag- 
— JE? + ЕТ Іпа? 
— JE” + RTIn (m y)? 
— JE? --2RT In ту + 2RT In Yt 
where, mz, ау, and y, are the corresponding mean values. The 
Activities and the activity coefficients are taken on molality basis. 
Remembering, for binary strong electrolyte hydrochloric acid, 
ть = т, (molality of the given acid solution), we have 


AG = Дб + RTIn 


Ш 


2RT 2RT 
— In = E’ — += 
7 Yt E (z ta In т) 


à : E? 
МОС, log ys = gag — (стт + oe) = (21.12). 
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Eis measured and m is known. Therefore; y, can be found 
out only if E? could be evaluated: ‘It is, however, known that at 
infinite dilution у= — 1, or log y+ +0. Hence, at infinite dilution, 


Itm—0, E? = E+ 0.118 log m 


In practice, e.m.f. (E) of the cell is measured using different 
dilute solutions of hydrochloric acid. E+ 0.118108 т is then 
plotted againstsome function ofthe vali i 
molality ofthe solution (say, against 
Ут) and the curve is extrapolated 
to zero molality (m = 0) when E? 
is obtained. Substitution of Е? in 
equation (21.12) gives the value of 
the mean activity coefficient (y+) of 
the hydrochloric acid. solution, 

According to Debye's limiting 
law; logy, = —аут. This means 
that if the terms in the paranthesis 
of right-hand side be plotted against 
a/m, the graphis linear, which faci- 
litates easy extrapolation. 


E +0118 log m 


Fig. 21e. Determination of E? 


21.4. Activity coefficients from solubilities | 
The measurment of solubilities is often utilised to ascertain the 
activity coefficients, and hence activity, of sparingly soluble elec- 
trolytes. The equilibrium in the dissociation of a slightly soluble 
salt Bn, An- ina saturated solution is given by 
By Age NEB tan, 
The activity product, La = 45;.04- 


are the activities of the positive and negativeions 


where ag, and a4_ і t 
concentration in terms of molality, and 


respectively, Introducing 
putting ny +n = V, l 
La = твн)" тату) = (masya) | 


Since mean ionic molality ту = 5; solubility of the salt in 


molal units, E ebat 
La = 89.01)": (y. = mean activity coefficient) 
or Yt Te 1 Be, 
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It means that if the solubility of the sparingly soluble salt and the 
activity product be known, its mean activity coefficient can be evalu a- 
ted. To illustrate, with a simple uni-univalent electrolyte say silver 
chloride, where v = n} + n_ = 2, we haveina saturated solution 


of AgCl, 
Yi = VlLajs Dus (2513) 


The procedure adopted is to measure the solubility of silver chloride 

in a series of solutions containing decreasing concentrations of an 
added electrolyte, say NaNO;. 
The solubilities may then be 
plotted against the salt concen- 

` trations and then extrapolated 
to zero concentration. At zero 
concentration, y, —> 1, so, 


490 


É Li = so (from the graph) 
2. уз = Sols 
485 i where s,.is the solubility in the 


95 hypothetical zero ionic strength. 

E The result of extrapolation be- 

Fig. 2f. Solubility of AgCI and comes very accurate when the 

ioi logarithm of the solubility is 

plotted against the square root of 

the ionic strength. In such a case the curve being linear, accurate 
extrapolation is possible, as in Fig. 217. 


N ionic strength 


21.5. The cryoscopic method 


It is possible to utilise the measurement of the freezing point 
depression for determining the activity or the activity coefficient and 
the method is capable of yielding results of high precision. 

Consider an aqueous solution containing n, mols of water and 
ng mols of the solute. We shall use suffix 1, 2 and s for the liquid 
solvent, solute and the solid state of the solvent (ice) respectively. 
Let To and T denote the freezing points of the pure solvent and the 
solution. (It is presumed that pure solvent only crystallises from 
the solution at the freezing point). 
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At the freezing point of the pure solvent T», the fugacity of water 
must be the same in both the solid and the liquid phase. 
fice = fwater 
Since each phase is in the pure (standard) state, hence the activity 
in each case is unity, 


ice = Awater = 1 


When we take the solution at its freezing temperature Т (which 
is lower than T) the fugacity of water in solution is again the same 
as that of ice separating. 


fice = “fwater in solution 
But the activity of water in solution is no longer unity. The activity 


of ice measured in its own standard (which is unity) cannot there- 
fore be equal to the activity of water a, in solution now ; i.e., , 


ice 7^ Awater in solution 
If we accept the pure super-cooled liquid at the specified tem- 
perature (Т) as the standard to measure all activities of the solvent 
including its solid state, then 


в = water in solution от dg = а, 


(It may be remembered that as, the activity of the solid ice in 
equilibrium with solution is different from the previous dice as the 


standard state is different.) F 
For the process of freezing at any temperature 4 


H,Ojiquia = НО, 


the change in free energy would be, 


us fice рта рга, = RT Ina 
AG c Rüdmp coSed a А 


= = Ring 


(gP), - (9 
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From Gibbs-Helmholtz relation (equation 6.26), 


t. Мда 

SARTA 
E N: wa E 
рыны 000110) 


where Z is the molar latent heat of fusion of ісе, and — AH = L. 
The latent heat Z varies with temperature and we can use 
Kirchhoff's equation for the same, 


(2 АС (Сре (Сви 


ог L = Ly + АСТ — To) 
assuming ACp to remain constant during the small range of tem- 
perature variation. If the lowering of freezing temperature (Toy —T) 
is replaced. by Ө, then the equation (21.14) becomes 


dia | Ly—~0ACp 
dT RT 


Lo = molar latent-heat of fusion of the solid at Ty. 
Now T= Т, — б; ї.е., dT = — 40 


ЖАНЫ Йу whet nO A SL 
T "qm Rl- z7] eur sé та gail 
Substituting in equation (20.15) 


(20-0 ЛСр) 
05 49 


— Zo—PACr) 
"USOS (1+2 a + he +...) 


- [ots *xm [es зр лс) ө 


+ (78 3L, ~ 7462) 


. (21.15) 


-dini TS 


в +... а neo 


Integrating between a,(for pure solvent) = 1, to a the activity in 
the solution, when the limits of Ô = 0,00 = 9, 


L 
— Ina, = xis күз rs та eA) р 351-7 (90:17) 
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In the case of aqueous solutions, Ly = 1438 cal/mole and 
AC; = 9 calories, then 


1438: 198. 94 е 
2202, МАГ ыа tb te, EE) Меш АННЫ 
2.303 log 4 = 59730 + zr —2 |20732 

or loga, = — 4210-20 — 2.2x10-¢6 


The freezing point depression 6 is exprimentally measured with 
sufficient accuracy and the activity of the solvent is evaluated. 

For the determination of the activity of the solute, the value 
of the activity of the solvent ascertained by equation (20.17) may 
be employed as in Sec. (21.2). The relation between the activities 
of the solute and the solvent is given by 


dina = -Mana = “dina 
2 2 


If the solution taken be m molal (i.e., m gm-mole of the solute 
be present in 1000 gm of the solvent), then n = m, and 


п = = where М, = molecular weight of the solvent. 


dina = NT ‚..@118) 
1000 IDEEEN ү 
Ras zit (т. ACr) are +... | l 


by substitution from (21.16). 
Now, the molal freezing-point constant, from Sec. (16.5) is 


MIU M Оорум cL 
kr = soos 3000399. Lr P 29 


Substituting this in the relation above, 


db + т г, (2° 


а=. AC) 040 +... 
А 
Putting P (> — ЛАС )- =¢ [ошл 


dina, = 


в 
din ay = ia dà + 4 s. de, 2 Q1.19) 


neglecting higher powers of 6. 
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From Gibbs-Helmholtz relation (equation 6.26), 


(xem no од АА 
= RT? 
А Е ДЕ са, т 
(HEA) = +a = т лоо 


where Z is the molar latent heat of fusion of ice, and — AH = L. 
The latent heat Z varies with temperature and we can use 
Kirchhoff's equation for the same, 


di), = Ace = (Cm = (Cr): 


ог І = L,+ ACAT—T) 

assuming ACp to remain constant during the small range of tem- 
perature variation. If the lowering of freezing temperature (T,—T) 
is replaced by 0, then the equation (21.14) becomes 


d In ai L,—0A^Cp 


= — . . 5 
aT RT? Eun 
Ly = molar latent-heat of fusion of the solid at To. 
Now T= T, —0;ie,dT = —d0 
3 1 ' 061? 1 
= Gop zl- at qz «s Ti^ te] 
ee in equation (20.15) 
Sama un Ge9ACP) 
dina; = “Rape do 


= S99 eT s +...) 
7 [nts xr Mr - ace) 


(72-290) е +... ае enu 


Integrating between a,(for pure solvent) = 1, to a, the activity in 
the solution, when the limits of ð = 0, to 0 = 6, 


OL gy ORS L AG 
-na = Ri ere (7 5") E 351 5 s (9:17) 


DETERMINATION OF ACTIVITY AND ACTIVITY COEFFICIENT 551 


In the case of aqueous solutions, Ly = 1438 cal/mole and 
АС» = 9 calories, then 


EET 188. 9 
— 2,303 log a1 = 759730 + (973 2 joo 
or log a, = — 4210596 2.2х10-а@° 


The freezing point depression 6 is exprimentally measured with 
sufficient accuracy and the activity of the solvent is evaluated. 

For the determination of the activity of the solute, the value 
of the activity of the solvent ascertained by equation (20.17) may 
be employed as in Sec. (21. 2). The relation between the activities 
of the solute and the solvent is given by 


d 1n a, Mdina = тапа 


If the solution taken be m molal (i.e., т gm-mole of the solute 
be present in 1000 gm of the solvent), then n; = m, and 


n= PE where M, — molecular weight of the solvent. 
dina, = — yp d In a ... 118) 
1000 2L, _ 
mM. zh HT АС) ars Ж -. Jæ 


by substitution from (21.16). 
Now, the molal freezing-point constant, from Sec. (16.5) is 


ERT: RT e.My te MEN 
м = бух] — 000500  L 775 o] 


Substituting this in the relation above, 


d+ ez (72- AC») 0d +... 


dina, = Em 


Putting EE 21, — AC) = ¢ (constant), 


8 
din a, = ps 4 ttn” 12: QLI9) 


neglecting higher powers of 6. 
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In the case of the solute being an electrolyte producing ions num- 
bering v, we know, 


a = а = д"+.а"- 


"а" 
Then, »4таь = gi. dé + $ 7 di 

1 P 
or dina, = zr. di + 4” di ‚ (21.20) 


, For simplifying the process of integration of this equation, 
Lewis and Randall introduced a very convenient j-function. j is 
defined by the relation, 

Р 0 
J= l im 


In very dilute solution, i.e., as m — 0, ms observed depression of 
freezing temperature 0 > er 


Ltm 0; j—0 


Further, dz Xm EE 
: uu Adm do 
01 m xm 
{ ^ di 3 
or к e -p Sa 01021) 


With substitution from (21.21), the equation (21.20) takes the 
form, 


dia, = 0-5 9 4g 2. qo 
= (1 —j)dinm —dj44 ‚4... (21.22) 
or, diny, + dinm; = (=f) dInm—4dj +4 $ ao 
[But (т+)' = т.т = d n,)y'*(m.n-y- = m'(nt*.n"-)] 
og eus Inm+ — L In (лр. п"-) = In m + const. 


or дать = dinm] 
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Hence, dInys = —dinm+(l —j) din m — dj 4 $ S. a 


jdm y 
= -jZ Ld d d 


In dilute solutions as т — 0, yz — 1, or In ya > 0 


уф т т 

.dm 9 
Í ME Pp f $5. 40 
9 H m A ут 


ог UA d aguja] 222 ... (21.23) 
0 0 


The integrals on the right-side are determined graphically. 


Two curves are plotted, (i) z against m and (ii) E against 0. The 
plots require the experimental determination of freezing point 
measurements at different concentrations, т. The.areas under 
the curves would give the value of the two integrals. The activity 
coefficient of the solute is thus known. х 

The equation (21.23) is quite accurate for dilute solutions. But 
when the solutions are concentrated, the freezing points vary appre- 
ciably and the results cannot be referred to the same temperature. 
In such cases, a correction has to be made taking into consideration 
the differential heat of dilution. 

It can be shown that the activity со 
standard temperature can be expressed as 


efficient у? referred to a 


1 s 
in т ыл ns, 


ag is the activity of the solvent at the reference temperature. 


21.6. Activity coefficient from the Osmotie coefficient 
In an ideal system, the chemical potential of the component 
having mole-fraction Ni is given by 
ш = ш АТ! М 


But when the system is non-ideal, 
ш — pé + RT In Ми 
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where у; is the activity coefficient and is a measure of the devia- 
tion from ideality. 

Bjerrum and Guggenheim, however, introduced the osmotic: 
coefficient ф to denote the deviation from ideality by expressing: 
the chemical potential in the form 


ш = we + ф КТ1а №; 


The relation between the activity coefficient and the osmotic coeffi- 
cient is then 


gin № = In Niyi 


Ж Inna. 1 
or Pal mw 


: +» . (21.24) 
$ Ts ny. 
iy ee Tin № 


In highly dilute solutions, mol-fraction of the solvent М; appro- 
aches unity, and у, also tends to unity, so that In у, — 0. The 


ratio ne may give large values of ($—1)even in very dilute solu- 
1 


tions and therefore ф is very sensitive to deviations from ideality, 
Now, considera binary solution (solute and solvent). From the: 
Gibbs-Duhem relations, as shown in equation (21.4), 


Nidiny, + Nad Inya = 0, 
the suffix 1 is used for the sovent and 2 for the solute. 


Since In y, = (1—4) In x [from equation (21:24)] 
ма {а-а} + тшу, = 
1 \ na 221% = 0 


ог Мз 0—0 9) dV; + Nadin yi =0 


Now dN, = —аМ„, г. Муш Маф +(1—$)dNa-+Nod In y, = 0 
or | (1—N) In @—%%) d$ + (1 =@)4М» ++ Nad Inya = 0 
In very dilute solutions, N, is very small, ie.,1—N, e 1 


(1—9)4N, 
— dà 00% + ашу, == 0 


ог diny; = d$ —(1— 4) din N, 


t 
| 
| 
} 
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Again N, is proportional to molality ms, i.e., din Ny = din ms 

аЛа ya = dp — (1 —4) d Inm. 01001.29) 
At infinite dilution, when m, — 0; we know tends to unity and 
also y; —> 1. Hence on integration of equation (21.25), between 
the limits corresponding to the given solution and that at infinite 
dilution, we have i 


уз =1 


din ys [а — f'a — ф) din m: 
$ 


ys = Уз тз 


ог, ау = O-A F f "a-p din т... ...0126). 
0 


M ma = Ф 
= (1—4) + TE d(mg)! ... Q1.26a) 

ò 2 
In the event of the solute being an electrolyte, the equation 
may be modified as 


2 
1—$ 
—Iny, = (01—4) + aÍ E s 
(yg = mean ionic activity coefficient) 

To evalute Уз, it is necessary to determine ф and also the value 
of the integral on the right-hand side. The osmotic coefficient $: 
is determined from vapour-pressure measurements. For the solvent 
component in dilute solutions, 

Ing, -— 47> pa? 


But $RTIn Ny = а — Ра 
f, P. 
Again, d, = DO = PS 


in A = 4 RTIn N; 
om the measurement of vapour pressures. 
jent (Ф), which is practically equal to the 
al osmotic pressure of the given solu- 
be the ratio of the observed freezing 


] value (kpm). 


Hence 


i.e., ф is known fr 

The osmotic coeffic 
ratio of the actual to the ide 
tion, can also be shown to 
point depression to the idea! 
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The integrand in equation (21.26a) is determined graphically, 
by plotting 522 against 4/m, and measuring the area under the 
2 
curve. We can thus determine у». 


21.7. Isopiestic method 
By comparing the vapour pressures of the solutions of two 
electrolyte solutes, it is possible to evaluate the mean activity of one 
of the solute in a given solution provided the activities of the other 
at different concentrations be known. If two solutions of the two 
electrolytes in the same solvent be kept in an evacuated space, the 
solvent fro m the solution having higher vapour pressure and fugacity 
Will distil over into the solution with lower vapour pressure until 
both have the same vapour pressure and equilibrium is established. 
Such solutions whose concentrations may be different, but have 
the same vapour pressure are called isopiestic, In such circumstances, 
the solvent in the two solutions has identical activity, ау. Let us use 
the following symbols for the two solutions of A and B. 


Solute A Solute B 


Activity ад ав 
‚ molality ma mp 
ПО. of ions per molecule VA vp 
mean actiyi 
ап activity алу ав, 


Let us also suppose А to be the electrolyte whose activities 
‘at different concentrations are known and we are required to find 


a ; З 
out the activity of B in solution. We also know ag = ар 


‘The suffix 1 is always used for the solvent. 
From Gibbs-Duhem relation, for the given solution of B, 


—dina, = n. din ав = DOTY, din ag 
1 


tum Увтв 
= 10007077 din ав, ei (D 


Similarly, for the isopiestic solution of A, 


ато туба ал, 0 
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Equating I and II ; and assuming v4 = vz, 
madinaa, = тв dln ag, 
Introducing the respective activity coefficients, 


mad In тау, = mpg din mB YB, 


ТА 
din = —dinm —dinm 
l Ув. тв АУА, B 


OMIT gis 
E ms as dn mg 4- (d In m4 +d In te 


—dInmay,) 
= шул, + din ZA + (гм <1) din maya, 


атуу, + ding’ + (9 — 1) din ag 


din; 343 р Даа, 
Ay Мал 


where ¢’ — "4, ratio of the molalities of the isopiestic solutions,. 
тв 


Integrating, 
raf аа 
Inys, = Шуд, + Ing ait (9— рея ад 


0127), 


In very dilute solutions, as maand mgtend to zero, bothy,, and 
Уд, tend to unity. The values of a4 and ул are known (determined 2 
separately by other methods). Now (ф' — 1)/-Vaa is plotted against 
Vaa and is extrapolated to zero. The area under the curve gives 
the magnitude of the integral on the right-hand side. The value 
Of the desired activity coefficient can then be computed from the 


equation (21.27). 


21.8. The Debye-Hiickel theory 

So far, we have considered the methods West ii гй 
d ina {уйу or activity coefficient from the study o 
батаа у In the case of strong electrolytes, 


some property of the sy: j 
ERA A activity coefficients сап be calculated theoretically. 
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From the first decade of this century there was accumulating 
increasingly convincing evidence to show that the strong electro- 
lytes are completely dissociated in solution. Yet the dilute solutions 
of strong electrolytes showed certain anomalies, e.g., (a) inspite 
of complete ionisation with increasing dilution the conductivities 
-of the solution increase in violation of the Arrhenius theory, (^) the 
measured activity coefficients of dilute ionic solutions deviate appre- 
'ciably from unity showing departure from the validity of Henry's 
Law, etc. To explain these anomalies it is necessary to recognise 
the existence of interionic forces in the solution and only at infinite 
dilution these forces would vanish. 

Tn a given concentration, the inter-ionic forces would give rise 
to additional free-energy (С) to the solution. Such free-energy 
would not exist if the particles were neutral and not charged ions. 
"The additional free-energy acquired by the solution in a given 
concentration due to inter-ionic forces only can be measured by 
considering the electrical work involved in transferring the ions 
from a state of infinite dilution to the state of a given concen- 
tration. 

i In 1923, Debye and Hückel proposed a comparatively simple 
but elegant method to calculate the electrical work mentioned above. 
"Their method is now commonly known as the Debye-Hückel theory 
of the strong electrolytes. The theory has certain limitations but 
for calculations in dilute solutions, it is generally applicable. The 
treatment however is not a truly thermodynamic one as it involves 
the consideration of individual ions and their properties. It is dis- 
cussed here to confirm the results obtained from the thermodynamic 
treatment. The Debye-Hückel theory may broadly be derived in 
‘the following way. i 

; Consider a solution containing per c.c. of the solvent n, ions 
sof valency z,, п» ions of valency Z», ng ions of valency z,, and so 
‘on. Let us fix our attention to one of these ions and this ion may 
"be designated as the central ion. Due to its electrical character, 
in its immediate surroundings there would be a larger number of 
ions of the opposite sign than the number of ions with the same 
sign as that of the central ion. There is thus an ionic atmosphere 
of opposite sign surrounding the central ion. Every ion will have 
such ionic atmospheres. The charge-density of the ionic atmos- 
„phere is greatest in the immediate vicinity of the central ion and it 
gradually falls off with increasing distance. 
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Let 4 be the electric potential ata given point near the central 
ion. The electric potential is the measure of the work done to bring 
a unit charge to this point from an infinite distance where у = 0. 
‘The work done in bringing an ion of charge z;e to that point is 
zie, where e is the electronic charge and zs is the valency of the 
ith kind of ion brought in, If we assume that the number of ions 
perc.c.ata great distance (where y= 0), isn; then by the Boltzmann 
distribution Law, the number of ions at the point where + = ¥, 


ae Е 1 4 
is given by me . The total charge carried to that point 


28 /kT 
= (де)те (k = Boltzmann constant.) 

If we consider all the kinds of ions present in the system, the 
net charge per с.с. at the point, i.e., charge-density p could be 
given by i 

-z PIKT = 2,67 /KT 
р = т(21«)е + ne 
—z,eP (kT 


Foretage +... 


= 2cP kT 
= Xnziee £ .. (A) 


The charge density is, however, related to theelectric potential 
at the point by the Poisson equation, 
Qj ay OH _ _4тр 
V = aya t api Кдй D UB) 
D, the dielectric constant of the medium, 
Substituting (A) in (B), we have 


NN е. T Xie, fn ere] 
‘In a dilute solution, assuming дє «€ КТ, we find 
yum Z na (1 i 
Ате? 


= T ine + DET Iniz? Y 


‘At a considerable distance, where y = 0, the total amount of posi- 


tive and negative charges would be equal, i.e., 
®тщє = 0. 
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So, Vie = pis Уту es. (D) 

or VA = к ^ stis (E) 
i l 2 

where к= е Enz s. (F) 


Resolving equation (D), the solution of їп terms of distance r, 
from the central ion is given by 


ju +++ (G) 


where ze is the charge of the central ion. 


ze ze K ze 2єк 
à ALT test 200 qon gr 
PU Die › 


assuming kr to be quite small compared to unity. 
Ze Ze 
RT E (e. (D 
ов Е т) 


From electrostatics, we know, the electric potential produced 
by the charge ze of the central ion itself at a distance г from it would 
be given by 


Ze 
i SiS 

It may be remembered that the charge of the ionic atmosphere 

is equal in magnitude but opposite in sign to that of the central 
ion. If the charge of the ionic atmosphere be imagined to be con- 
centrated at a point, distance 1/«, the electric potential produced 


by it at the ion would be у, = — Dip The quantity 1/« 
therefore is the measure of the radius of the ionic atmosphere and it 
would obviously depend upon the concentration of the solution. 
In equation (Т) for the potential, the first term denotes the poten- 
tial due to the charge of the ion itself and the second term is the 
potential due to the surrounding distribution of ions in the ionic 
atmosphere. In infinitely dilute solution, « tends to zero or the 
potential due to the ionic atmosphere vanishes. 
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Let us imagine the central ion in uncharged (or neutral) state 
initially and let the chargee = ze beimparted to it slowly in succes- 
sive amounts of infinitesimal quantities. If the potential at the 
surface of the ion be #, the work done will be given by, [using equa- 
tion (H)], 


| йг) ve =| (5; - 5)^ 


where ‘a’ is the effective radius of the ion-particle or more appro- 
priately, the closest approach between the ions. The work of ch arg ~ 
ing the ion in infinite dilution and in a solution of a given concen- 
tration would be different. The work involved in the two cases are : 


» ze 
(i) In infinite dilution : W; Ef (5; = 5) de 
о 


ze 
ii) In a given solution, W; sf ze AGES di 
(i) E d (5; D) 


ze 2e 
Ору т?р. 


The work donein transferring the charged ion from the solution 


in infinite dilution to that in given concentration, 
ze 
AW = № № = ap“ eid) 
If the solutions were idea] and if there were no electrical inter- 
n the change in Gibbs potential in the transfer of 
(concentration то molal) to a 
lal) would be 


ionic forces, the 
the ion from a very dilute solution 
given solution (concentration m mo. 


AG — RT In VIS where N is Avogadro number. 
N m 


In real solutions, the interionic forces are to be taken into account, 
and the Gibbs potential change would be 


АТ т SEO E 
AG = nt AW, 55“ ...Ю) 


36 
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‘Again for real solutions, introducing activity terms, we have 


ERI GRE” i 
AG = Ww In Do М In тте terms аге activity coefficients) 
= RT, my 
= In ae (in very dilute solutions yo — 1) 
RT, m RT | 
TN m NG р GL) 
Comparing equation (К) and (L), 
RT Iny Ete zie 
N parse oui 
ziewN 
= өз .. (M 
or In y REA ‚.. (M) 
^ MS 4n eè 
In equation (Е) it is seen, x? = тут ее in which т is the 


number of the ith species of ion per c.c. 


The molar concentration of the ion, c; = x 1000 


«<. The molal concentration ofthe ion, m; = x mo 


where dis the density of the solution, the same as that of the solvent, 
when the solution is dilute. 
a Nd 
02271000777 


ог Znz? = iud Eme 
The equation (M) may be rewritten, 
шоме Lo ZEN ү 4те ма. + 
my = кынлы (эк jux О) 
_ _ Fen (4те Nd s 
mr RP (рг ОО)" V Zins 
Since ionic strength (Sec. 10:19); i = Xm, 
we have, Iny = — z( <N Are Nd 
e, Iny 2 в DETO М? 


ll 


— вау 09 
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2N 3 
"where В = v2 Зы ERA piae 
Y ( sper DkT.1000 


yt (OTe ем 2теМа 
= me | R = Р, 
(рту/® ( К 1.1000 ) e 


and is a constant when D and T are unaltered. 
The equation (N) is then an expression for the activity соећ- 
cient y, in terms of known measurable data. 
The mean activity coefficient ys of an electrolyte, say А Bs 
is given by 
у++У- = - 
Ar ужу" 
vIny, у= Iny- 
y». EVs 
Ву?) + у-(— Вуй) 
y, + V- 
ү: о гуу23. + v-z» 
avil Y, У ] 
—Bwiz,z., (Since У+2+ = y-2-) 


or In ys = 


1 


Il 


B ; 
2. logot = = зор elm vi 


— Az His (О) 


where z, and z- are the numerical values of the valences of the two 
ions of the electrolyte and А = 8/2.303. 

Using the values є =4.77 X 10-2 e.s.u.; № = 6.06 x 10%; 
к = 136 x 1071 ergs. at 25*C, in aqueous solutions, where 
D = 78.54, the value of А comes out to be 0.509. 


—0,509 z,z-. Vi = 0520.1 o...) 


ll 


2. logo Yt = 
So, for different types of electrolytes, the mean activity coefficient 
would be, 
logio Y+ 
Uni-univalent —0.54/i 
"Uni-bivalent —10Vi 
Uni-trivalent i —1.5үі 
Bi-Bivalent —2.0у/ї ete, 


For валй uni-univalent electrolyte in aqueous solution of molality 
т at 25°C, logie Y& = 0.57 = —0.54/m. 
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The equation (R) is often mentioned as the Debye-Hückel 
Limiting law and it gives the method for calculation of theactivity 
coefficient of anelectrolyte theoretically, at very dilute solutions. The 
law will be strictly valid as the concentration approaches zero, 
i.e., at infinite dilution, 

Thevalidity ofthe Debye-Hückel theory for very dilute solutions 
(i<0.01) has been tested in two ways. 

I. Since logy; = —Az,.z_. v/i, the plot of — log y4 against 
Vi in dilute solutions would be linear and the slope of the line 
would give the value of А. z,.z_. This has been experimentally 
established. The activity coefficients of different cobaltammine 
salts were determined from solubility measurements in different 
ionic strengths (Bronsted and La Mer); the ionic strengths were 
varied by addition of salts like NaCl, KNO,, BaCl, etc. The linear 
graphs obtained on plotting v/i vs. —log y4 are shown in Fig (21g). 


Fig. 21g. Activity coefficients vs. ionic strength. 
I. Uni-univalent. II. Uni-bivalent. III, Uni-trivalent 


The slopes obtained from the graphs corresponded to the calculated 
values of 42.2... Moreover the same linearity was obtained irres- 
pective of the nature ofthe salt added to vary the ionic strength, as. 
expected from the theory. 
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II. It will be seen from equation (P) that for a given electrolyte 


the value of ‘A’ should be proportional to ( Dry? . Varying the 


temperature, the dielectric constant was widely altered. The slope 
of the line log yx vs. v/i at different temperatures has been deter- 
mined to'calculate A. The experimental results satisfy the theoretical 
requirements. 
Apart from the fact that the limiting law enables us to calculate 
y + in dilute solutions, where experimental values may not be avail- 
able, the law is also used for various other purposes. For example, 
the thermodynamic equilibrium constant or the dissociation constant 
of a weak acid or base can be evaluated with the help of this law. 
In a weak acid, say HA, the true dissociation constant is given by, 


HA = HERAS 


ИЕ Cas Cac ај 0K fat fa- 
where K' is the Ostwald’s dissociation constant and fya is taken as 
unity. 
log K' — log Ka — log fat — logfa- 
Now, in a monobasic acid, log fat = log fa- = —Awvi 
The ionic strentth, i = 3 [Сн+ X 1? + Ca- X 18] 
= } [ac + ac] = ас, 
a is the degree of dissociation. 
log K' = log Ka + 2Av/ac. ' 
By using the results of conductance measurements of solutions 
of different concentrations, ac and K' are known. The plot of 


log K' against 244/ac gives а straight line at very low concentra- 
tions (where the limiting Jaw is valid). The intercept gives the value 


of log Ka, from which Ka is known. 


21.9. The Debye-Hückel theory in concentrated solution 

It Ваз been mentioned earlier that the Debye-Hückel theory 
would be valid only in very dilute solutions. In solutions of appreci- 
able concentration, the extension of the limiting law has been made 
chiefly by Hückel and by Brónsted. 
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In deriving the Debye-Hiickel equation two approximations 
have been made which are not permissible in more concentrated 
solutions. (i) The potential due to the ionic atmosphere y, has been 
approximated to A assuming кг to be very small, which is not 
80 in case of concentrated solutions [see equation (H) Sec. 21.8]. 
(ii) The dielectric constant D of the medium has been assumed to 
be constant throughout the medium, which is not strictly true. In 
order to apply the Debye-Hückel equation to solutions of appreci- 
able concentration, corrections have to be introduced on these two 
counts. 

(i) The potential due to the ionic atmosphere should be 


Е шы 
y D'i +x 
Using this expression for the ionic atmosphere and following the 
same treatment as before, it can be shown, 
_ Azuz- vi 


logio y+ = 1-+ак 


{ 4re Nd M А Á 
The value of x is pd №21 = Ai 


where 4, stands for 4/2 times the quantity within the paranthesis.. 


Az,z_v/i 
DI AUI Ue. (S) 

This expression would always give smaller and smaller values. 
for у+ with increasing concentrations, Experimental measurements 
however show that the activity coefficients first decrease with rise in 
the Concentration and then increase after passing through a 
minimum value (Fig. 10j, Sec. 10.19). The expression, therefore, 
needs further correction. 

(ii) The solvent molecules themselves are permanent dipoles 
and are influenced by tlie ions. The electric forces near the ions 
are quite strong. In consequence, the solvent molecules may compete: 
with other ions in the formation of the ionic atmosphere. The 
orientation of the polar solvent molecules in the vicinity of the ions 
is likely to reduce the dielectric constant (D) appreciably. The 
dielectric. constant. therefore would vary from point to point. Tt 
has been presumed that this dielectric constant is a function of the: 


Hence logigy, = 
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concentration or the ionic strength. A complicated set of calcula- 
tion shows that, to account for this variation of dielectric constant, 
an additional term proportional to the ionic strength has to be 
introduced in the equation (S), such that we can write, 


Az,z_Vi И 
login 7+ = — 4 adi МТ + A ЯТ (Т) 
ог logoys = — Az,z-V/i аА Azz + Asi 
-—-—AÀzzÉi-cCc.i 


C — a constant for a given electrolyte. 


This expression is in fair agreement with experimental results 
and is an extension of the Debye-Hückel law for the concentrated 
solutions. 


Problems 


1. The vap. pressures of pure mecury anda Thallium amalgam (mol-fraction 
of thallium, 0.16) are 20 x 10-* and 15:2 х10-* mm. Calculate activity coefficent 
of mercury. Ans. Ум; = 0.901 

2. In an aqueous solution of methyl alcohol, the partial pressures of the 
alcohol at different mol-fractions at 25°C are 


№ Ps № P: № Р, 
0.0 0.0 0.08 15.10 0.66 85.7 
0.02 3.85 0.10 26,00 0.80 104.6 
0.04 7.67 0.20 35.8 1.00 126.0 
0.06 11.70 0.40 59.6 


Calculate activity of alcohol at № = 0.7. 


[ Hints, Plot P,/Ns against No. Find P,*/N;* by extrapolation. Also deter- 
mine P; at 0.7 Nz from the graph] Ans, a, = 0.468 
4. Show that the activity of the solvent, а, ina binary solution is given by 


RT ina, = RT In f/f = —тЁ, 


where У, partial molal volume of the solvent, 7 = osmotic pressure, f, and f,° 
are the fugacities of solvent in solution and in the pure state. 

4, The solubility of AgIO; in different solutions of KNO, were recorded as, 
0,00 0,00130 0.00325 0.00650 0.02140 


Conc. KNOs 
0.00087 0.00191 0.00199 


Solubility, AgIO, 0.00177 . 0.00182 
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Find (a) the mean activity coefficient of. AglO; in pure water and (6) the solubility — : 
‘product of AgIO;. Ans. y4 = 0.985, Ls = 3х10-®_ 
© 5, The solubility product of Silver bromate is 5.77 x 10-5at 25*C. Show that. 
‘its solubility in 0.01 M pot-bromate is 5.1 x 10-2 mole/litre, [Use Debye-Hiickel 

Limiting Law.] 
{ 1716. The em.f. of the cell 


(Pt) H,—1 atm HCI AgCI—Ag 
(m = 0.05391) 
dis 0.38222 volts, What is the mean activity coefficient of the HCl solution used? 
"Given E”Ag/Agci = 0.2225 volts, Ans, y, = 0,829 


7. The solubility of Pbl was found to be 6.8 х 10° 2/100 gm. Using Debye- 
‘Hiickel Limiting Law, show that its activity product is 0.81 X 10° mol*/Kg*, 
эв; The solubility of BaSO, in wateris9,57 x 10-* molal and its heat of solu- 
tion is 5970 cal/mole. The Standard entropies of Ва++ and of BaSO, are 2.3 
and 31.5 e.u./mole. Show that S'so;- = 3.2 eu. 


| 


CHAPTER 22 
IRREVERSIBLE THERMODYNAMICS 


"We have, so far, developed the fundamentals of thermodyna- 
mics and applied them to study the Properties and behaviour of 
systems which are supposed to exist in a state of equilibrium. It 
would be interesting if these principles be extended to systems in 
non-equilibrium states and in irreversible processes. The thermo- 
dynamics of irreversible processes, or as it is more often called non- 
equilibrium thermodynamics, is found to be very useful in examin- 
ing coupled irreversible phenomena occurring simultaneously in 
a system. Most often such studies are made from the point of view 
of entropy-changes of the system. 


22.1. Entropy Production 
From classical thermodynamics, for a reversible process, the 
entropy-change is 
— {50 
ds = (T) 


And, from Clausius Inequality, we have, for an irreversible process, 


d$ (2 


rey 


irr 
We may rewrite this, at least for systems which are close to 
equilibrium, to restore equality, as 


as = 20 + 45 22. @) 


The term 4,5 would represent the extra entropy-change involved 
due to irreversibility. How this entropy is produced can be better 
understood by considering some examples. у 

(i) Suppose heat is conducted along a metallic wire 4B from a 
reservoir at T, to a reservoir at T}. 7; is higher than Ts. Let the 
amount of heat transferred along the wire per unit time be Јо. 
That is rate of flow of heat, (Fig. 22a), 
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The Jg heat which enters the wire at A leaves the wire at B. 
The entropy of the wire does not change. On the other hand, the hot 
reservoir loses entropy Jg/T, whereas the cold reservoir gains an 
Reservoir Reservoir 

Е 2 h 2 


т 
> 


, LE “Fig. 22a. Heat flow 


entropy 70/73. per unit time. There is thus a net change in entropy 
of the universe, per unit time, 
as = le el 1з — 1з which is positive 

TC nes Mt Reo 

Now let us consider the wire (АВ) only in this flow of heat. 
The entropy lost by hot reservoir at A7o/T, passes on to the wire. 
The entropy gained by the cold reservoir /o/T comes out of the 
wire at В, Hence, the flow of entropy out of the wire at B, Io/T;, is. 
larger than the inflow of entropy A into the wire at A, ЈО/Т,. 
In a steady state, the wire does not change in coordinates. We have 
therefore to assume that during the irreversible flow of heat, an 
entropy (10/17 — Jo/T;) must have been produced in the wire 
per unit time in order to compensate for the extra flow of entropy 
into the cold reservoir. 

The irreversible flow of heat thus leads to entropy production. 
The rate of entropy production is given by 

dis as Түт; Н 
a = 10 ТИ 

If the temperatures of the two reservoirs be quite close, such that 
T, = T+ AT and T, = T, then the rate would be 


dS. AT 
di^ PT 
45 lo AT 
né pmo 


.. [Т may be regarded as the rate of flow of entropy or entro- 
ру Current and may be denoted by Js. Then, the rate of production, 


UT id (By 
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(її) Let us take a second example. Suppose two gases A and В' 
mix at constant T and P. Imagine a mixing box X as in fig 225, 
in which лд moles of A and ng moles of B enter рег unit time. 
That is, the rates of inflow are дапа g. The moles of the mixture. 
going out per unit time iS йт. It is in effect a flow of matter, 


T,P Constant 


Fig. 225. mixture of A and В 


Let ла, hg be the molal enthalpies before mixing and hm that 


of the mixture. Let ЯА, Hp denote the partial molal enthalpies of’ 
A and B in the mixture. Obviously, 


tata = tix йв Нв 
Using the first Law of Thermodynamics, we can say, 
q + ñaha + ipfis = fis = ħaa + inn 
The process is isothermal, hence AS = 0. Since the flow is іггеуег-: 
sible, let 45 denote the entropy production (if any) per unit time.. 
Dividing the relation, written above, by 7, 


j Hs aS 
ER lie ely з "usta =0 


T 
or as = Has — ipsa — ASA = вв 


— _ HaHa + iHa — tisha — tisha _ зз, Lg) 
z T 
— ñg (Sp — $в) 


D [uc — ($4 — $)] + йв [= zh —($5— БО 


1 


LA Два pa DER. 
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с dS уана ` M) 


or Sp 


‚Аш denoting the а potential changes. 
This shows that there would be entropy production in the 
irreversible process of mixing. 
(iii) In our third example, we may consider the flow of elec- 
tricity through a metalic wire. Suppose through a metallic wire 
‘kept at a constant temperature (T) in a bath, electric current J is 
‘steadily passing when the potential difference between the ends is 
Де. The energy led into the wire per unit time is ГЛе. Since T is 
constant, this energy is dissipated as heat into the bath raising the 
entropy of the bath by JAe/T. per unit time. There was no entropy 
intake or flowinto the wire. But 7 Ae/T amount of entropy passed 
out from the wire into the bath. In a steady state, this entropy 
which flows out to the bath must have been created or produced 
in the wire during the flow of electricity. Then, the entropy produc- 
tion per unit time during flow of electricity is 
е 45 Де 
S Am aD) 
If we look at equations (B), (C) & (D) above, we find that the 
expressions (5) for rate of entropy-production are similar. In transfer 
of heat, the entropy flow Js is multiplied by the temperature gradient 
(AT), which causes the thermal flow. In the mixing of gases, like- 
wise, the mass-flow is associated with the chemical potential gradient 
(Ли). Again in the transport of electricity, the current J (flow) is 
associated with the potential gradient (A). In entropy production, 
the irreversible flows are always related to the associated thermo- 
‘dynamic potential gradients called thermodynamic forces. 
A general expression for the rate of entropy production is 


given by 
Š$ = 2s = Улх, 


‘where X; represents the thermodynamic driving force and Л 
Tepresents the associated irreversible flow. 


22.2. Coupled flows 


When two different types of irreversible flows occur simultane- 
ously in a system, that is in coupled flows, the rate of entropy pro- 
‘duction would depend upon both the flows. For example, if a small 
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temperature difference AT be maintained at the two ends of a wire, 
there would be heat current Io (and hence /,). Further, if a poten- 
tial difference Д є exists between the ends of the wire, there would 
bean electric current Га1зо. Hence, there would arise an irreversible 
coupled flow. In equations (B) and (D) above, the expressions for 
entropy production rates for heat-flow and for electric current have 
been developed. When the coupled flows existin the wire simultane- 
ously, the entropy production would arise due to both the flows. 
We may express the net entropy production rate as the sum 
of the two ; 
diS AT At 
зт I | «e (E) 

But it is an experience that in absence of potential difference 
in the wire, the heat flow (Го) depends only on the temperature 
difference (AT). But on imposition of potential difference (Ae), 
the heat current changes as it depends upon both AT and A e. 

Again at a constant temperature, the electric current J depends. 
only on Де. But, in addition, if there exists a temperature difference 
(AT), the electric current would depend upon both. Ae and AT. 
That is, in coupled processes, the two flows would react on one 
another. 

If the system in which flows occur be not far removed from 
equilibrium, the flow-rates are considered to be linear functions of 


the forces AT and Ae. So, 


рет Аа ty SF ser ee ED 
and T= In t+ In T ООС) 


These are the well-known Onsager equations. The L-terms are 
called phenomenological coefficients. Ly and Zn, are the coefficients 
for the thermal flow and for electrical flow only. The coefficients 
1л» and La arise due to the effect of interaction of the two forces. 


It was again Onsager who established that the latter two coeffi- 
cients are identical, i.e., f 
Ly = Ln 2. (H) 
This is called Ozsager's reciprocal condition. 
The equations (F) and (G) may now be considered under two 
specified conditions. 
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(a) Suppose the temperature is constant, (AT = 0) then by 
dividing (F) by (G); 


(4). = рз = e (say) ins 


cis the ratio of the entropy current to the electric current at a cons- 
tant temperature and is often mentioned as entropy transport 
parameter. 

(b) In the absence of electric current, 1 = 0, we have from 
equation (G), 


- (2; (26) о аг Газ 
ATI о ӘТ! 120 Loe Lm 
hence - (8) = * |o) 
Ti 
or \ Дє= — edT iK) 
Ts 


Hence є also represents the rate of change of potential with tem- 
‘perature at zero electric current. Hence, it is the Seebeck Coeffi- 
cient (see Sec 20.5). The value of e, course, depends upon the 
temperature and also the material. 


22.3. Seebeck Effect 


Consider a circuit as shown in fig. 22c Two dissimilar metals X 
and Y meet at junctions a and b. The two junctions are kept at 
two different temperatures T, and Ts; T, is higher than T,. In 
consequence of difference in temperature at the two junctions a 
‘potential difference arises across the open circuit d—c, which can be 


Res. Res. 


Fig. 22c. Seebeck Effect 
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measured against a balanced potentiometer. The potential difference 
As depends upon temperature difference A7( = 7T,—7;) and on 
the nature of the metals X and Y. 
If e-terms denote the electric potentials at the different points, 
we may write, 
Де = t4 — & = (sa — £6) + (eb — 62) + (€a — ©) 
Using equation (K) above, 


M e 
Ta Ti T 


Ti Ti 
= f e,dT — f eydT 
Ts Ts 
T, 


= (ex — єү)4Т 
Ts 
de 
or =— = лр 


This difference (є; — ej) gives the secbeck effect, for the 
materials X and Y. 


or dy = E AU 


22.4. Peltier Effect 

Suppose two dissimilar metals X and Y are joinedat the point J. 
"The temperature is always maintained constant. An electric current 
(J) is allowed to pass through the metal bar. Suppose the junction 


2 


Fig. 22d. Peltier effect 


“has a resistance (r) and heat has to be removed to maintain constant 
temperature. If the system consisted of one metal, the heat escaping 
(T = constant) would have been Z?r per unit time, But in a system 
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of dissimilar metals, the heat escaping would be different (say, Го) 
from Zr. 

From the First Law, 

I'g = (Pr +10) дей (Т = constant) ... (M) 


The peltier heat is defined as the additional heat to be removed 
at the junction other than the Joule heat /?г. Let the peltier heat be 
denoted by Ig,. 

Then lo, тау = Го — PR 


From equation (M), 7o, = «I = EN ON) 
We have seen in equation (I) above that 


be -(®), " a 
Tox 


or = eT 


Similarly for the metal Y, Јоу = e,IT 
Substituting these in equation (N), we obtain the peltier cofficient,. 
Tx, = Tex — ey) ber, 
When there are both a thermal gradient as also an electric 
potential gradient across a junction of two metals, the coupled 


reaction leads to Thomson effect, which has been discussed in. 
Sec 20.7. 


EXERCISES 


[Use Tables for standard data where necessary.] 


1. @ At one atmosphere one c.c. of air when heated from 0°C to 100°C’ 
expands to a volume of 1.3671 c.c. Calculate the value of absolute zero using. 
air-thermometer, 

(ii) The limiting value of the ratio of the pressures of a gas between the- 
ice-pt. and the steam-pt. is 1.36610. What is the ideal gas temperature at the- 
Steam-point ? 

(iii) Find out the numerical value of the conversion factor between work. 
expressed in c.c.-atmospheres and in calories, when 1 cal = 4.186 x 107 ergs. 

2. 340 gm of carbon dioxide are compressed from 100 litres to 10 litres. 
at 60°С. Calculate the maximum work assuming the gas to be a van der Waals” 
one, 

3. If B be the isothermal compressibility, show that, 
(а) B = 1/P, for an ideal gas 


O B= ME er for a gas obeying РО) = RT 
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4, Derive the equation : dv/v = adT — Вар 

5. One mole of nitrogen at N.T.P. is compressed isothermally and reversibly 
to one-halfits original volume and then it is expanded adiabatically and reversibly 
to its original pressure. Calculate the net work done and show that the final 
temperature is 223°K. 

6. The working substance of an engine operating a Carnot cycle is a gas 
obeying the equation of state, P(v—b) = RT. Show that its efficiency is the 
same as that with an ideal gas, 

7. Water is heated but not allowed to expand. What temp.-rise is needed to- 
produce 100 atm. Ans, 23.3* 

8, Compare the efficiencies of two Carnot engines; one operates between 
450°F and 70°F and the other between 1000°F and 70°F. Ans, 7,:% = 21:32 


У А Г i) se) 
9. Show that for an ideal gas; P (oz ^ T ar ly 


10. If Cp, and Cp, be the heat-capacities of a van der Waals’ gas at pres« 
sures P, and Ps, Show that Cp, —Cp, Є 2a (P, —P)/RT*, 

11, Suppose that fis the force needed to stretch a rubber strip of uniform 
cross section to length Z. Show that for the strip, 


(а) heat capacity, C = (25 SIUE ‚=Л() 


ө (zhanr Gh 


12. Show that (a) the ratio of the adiabatic and isothermal elasticity is 
the same as the ratio of heat-capacities at constant pressure and at constant 


volume, 
(b) The difference is isothermal and adiabatic compressibilities is 


given by, Br — Bs = o*VT/Cp. r / 
13. Prove : р 

au KA 5.) 

(a) (25 NT -r (Z ^? (os 
au) £ Р 

(b) (z oma © (5), Су R 
ән ap (шю 

в (4) ==" (8), av |p 


( ат) Bote (Oh 
© ap sS Cp ӘТІР 
14. If, ina Joule-Kelvin expansion, (9»/07)p = 
temperature change. 
37 


v/T, then there would be no 
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15. In ‘free expansion’ of a gas, Joule-coefficient is given by 7 = (дТ/ду)„. 
Again, ће Joule-Kelvin coefficient is expressed as и = (07/0P)g. Show that, 


1 y 
(аул = сФ—°П® (Бу к= Б; (eT — 1) 


Also prove that »[Cy—(9(PV)/0T] = Сри + [д(РУ)/9Р]т 
16. A gas obeys the relation P(v—b) = RT. Show that 
(ў Vy €, У—Ь 


ӨР ГЫ REC P 

17. One mole of Argon initially at 1 atm. and 0°C was heated to a tem- 
perature of 150°C. Show that its entropy will remain unchanged if the pressure 
be also raised to 1.99 atm. ; 

18. The van der Waals constants for air area = 13.5 x 10° atm.-c.c? and 
6 = 36.5 c.c., and its heat capacity, Cp = 7.0 cal/mole. Calculate the inversion 
temperature. 

1 What will be the dropin temperatureifthe air at 0*C isallowed to expand by 
throttling from 200 atmos to 2 atoms. 

19. Show that Cy for a van der Waals gas is independent of pressure or 
volume. Also show that Cp — Cy for such a gas would pass through a maximum 
аз the pressure is increased. 

20. If the Gibbs’ function includes magnetic Properties, then it may be 
represented as G = U — TS—#F 


wow 0 (25), = (8) 


Bef hea (= ў 
o (эж) „= - 27 (Fale 
where X is the molar susceptibility. 


21. Show that 
P 20 М 
P, rp RT 

When P. — Vapour pressure of a drop of liquid of radius r 

Po = Vapour pressure over a mass of the same 
Surface tension of the liquid 
P = Density of the liquid 
22. The heat of vaporization of cyclohexane (b. pt. 80°C) is 85 calories/gm. 
The specific densities of the liquid and the vapour at this temperature are 0,72 
and 0.003 gm. Find out the pressure at which the liquid can be distilled at 30°С. 


23. Show that the increase of pressure would raise the freezing pt. of a liquid 
which contracts on freezing. 


a 
\ 
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24, The heat of fusion of ice at 0°C is 1440 cal per mole, The change in 
‘specific volume on melting is —0.09 с.с. per gm. я 
(а) Calculate the slope of the fusion curye of ice at the normal 
melting point. 
(b) Ice at —5°C is compressed isothermally. At what pressure would 


it start to, melt. ‘ D 

(c) Ice at —5^C and atmospheric pressure is kept enclosed at 
constant volume, and the temperature is gradually increased. Find the tempera- 
ture and pressure at which the ice starts to melt. 

25. It is an empirical rule that the boiling point (Tp) of a substance is two- 
thirds of its critical temperature (Te), For methanol, T; = 513°K. Estimate its 
heat of vaporisation. Ans. 71800 cal/mole 

26. Show that the relative variation of the boiling temperature is one-tenth 
the relative variation of pressure, provided the vapour behaves ideally and obey’s 
"Trouton's law. 

27. Show that in saturated solutions the concentration is related to the 
pressure applied to the system by the equation, 
д1о® а) r1o d AV. 

дР T RT 
where AV is the incerase in volume of the solution on dissolving one mole of 
solute, t i 
28. At the A-pont (2.19°K) the two forms of liquid He I and He II have the 
following heat-capacities and volume coefficients 
Co, = 1.2 cal/gm М ics 0.02 per degree 


Con = 2.85 cal/gm сда —0.039 per degree 


and the volume is 6.84 c.c./gm. Calculate the variation of the A-point pressure 


with temperature. 


р.и: иаа! 
Ux 29. Prove that the slope of the sublimation. curve at the triple point is greater 
than that of the vaporisation curve at the same point. 


30. According to Debye, the molar heat-capacity of 4 solid at 10% tempera- 
tures is expressed as Ср = aT*. For 4 given solid, it was found that Cp at 
10°K is 0.797 cal/degree. Show that the molar entropy, of the solid at10°K is 
0.266 e.u. Cte Doi 
A1; "The m.pt. of salol is 42°C and that of diphenyl is 70°C. The eutectic 
composition is 27% diphenyl by weight at temperature, 24°С. Calculate the 
molar heats of fusion of the two components, assuming ideal behaviour, (mol. 
wt; of Salol = 214, mol wt. of diphenyl — 154. ' | p Sal 


32. At 25°C, the em.f. of the cell: . мй 
Zn—ZnCl, (soln) || Hg:Cl,—Hg 
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is 1.027 volts and the temperature coefficient of the e.m.f. is 1 x 10-* volt per 
А degree. Calculate the heat of reaction. 


33. Find out the free energy change and also the heat of reaction of the 
Chemical process occurring in the weston cell at 25°C. 

Hg—Hg,SO, || CaSO, (sat.) || CdSO,, 8/3H,O-(Cd)z-He. 

The e.m.f. of the cell at (^C is given by : 

E, = 1.0186—3.8 10-9220) 

34. Find the activity product of silver chloride in saturated solutions, using: 
the standard electrode potentials of the Ag/Ag* and Ag/AgCI—CI- electrodes. 

35. The Ка for acetic acid is 1.808 x 10-5, Calculate the degree of dissocia- 
tion of 0.02 molar acid in 0.02 sodium chloride, (Use Debye-Hückel law and 
neglect H+ ion concentration) 

36. In a parchment bag, 10 gm ofa colloidal acid (HR) dissolved in a litre 
of dilute НСІ was taken and kept suspended in a litre of pure water at 25°С. 
At eqm. the pH of the external water was found to be 3.6 and the membrane 
potential 0.036 volts, What is the pH of the solution inside the bag? Calculate 
also the molecular weight of the colloidal acid. 

[Note : Let initial conc. of colloid acid and HCl be a and b moles/litre. 


At едт. outside : сн+ = c, cci- = c 


and inside: сн+ = a+b—c, co-=b—c, cg-—a 
Further (а + b — с) (b с) = e 
since CH*a)-CCl-(im) = CH *(out).CCI (out) 


Given logs = = 3.6, c-25x10-* 


also emem = 0.059 log 29208). 0,059 [pHout — рН] volts. 
CH (out) 
Calculate рН зп). Next solve for (b—c), since 
2 log с = log (6—c)+log (a--5—c), remember log (a+b—c) = —PH(n)] 
i) j 
37. Starting with equation, E = Ens 


Show that the thermal energy of an ensemble of one-dimensional harmonic 
oscillator is NAV [e^ "IT. 1]-1 

38. The vibrational frequency of a diatomic gas is 667.3 cm-1, What per- 
centage of molecules are in their first excited state at 27°C? [Ans. 3.9%] 


39, 36.8% (- 2) of the diatomic gas of problem 38 (v = 667.3 cm?) 


are present at the first excited state. Wha t is the temperature of the gas? 
[Ans. Т = 958°K] 
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40. The statistical entropy of a monatomic ideal gas, 
S = §RnT—RinP+$RnM+K 
Evaluate K and hence compute the standard entropy of Neon. 
41. The thermal decomposition of NOCI is 
2NOCI + 2NO + Cl; AH* = + 77.07 kj 
The molar entropies are 
Snoci = 261.6, Sno = 210.7, Sci, = 223.0 joules/^K. 


AH and AS are supposed to be temperature invariant. 
Calculate the ейт constant for the reaction at 650°K. 
[Алз, К = 1.36; AG = —1,66kj] 
42. The heat of combustion of isoprene (C;H,) is — 746 kcal/mole. 
‘Calculate its heat of formation. By using bond energy calculatoins, estimate 
the resonance energy of isoprene. 
43. A synthesis of cyanopyridine is attempted as 


LN 
Сание) + СМАР) > Nad +H 


CN 
Butadiene cyanogen a-cyanopyridine 
Is the synthesis possible ? Given molar values at 298°K 


Butadiene Cyanogen Cyanopyridine hydrogen 
АНў (kcal) 26.8 71.8 62.0 0 
AS? (cal/"K) 66.4 57.6 710 312 


44, Provethat the slope of the sublimation curve at the triple point is greater 
‘than that of the vaporisation curve at the same point. 
Estimate the heat of sublimation of ice at —20°C from the following vapour 


(pressure data : 


°С —19.5* —20° —20.5° 


p(mm) х 10° 80.8 77.0 73,4 
[Ans. Jp = 28x10* j/kg] 


45. In a diesel engine the air-oil vapour mixture (y = 1.3) is taken in at 
1 atm and 15°С. It is compressed rapidly to 1/15th of its orgnial volume, What 


are the temperatfire and pressure when the compression is complete? 
[Ans. р = 33,8 atm, t = 377°C] 
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Absolute Temp. Scale, 7 
Absolute zero (temp.), 9 

entropy, 234 

unattainability, 231 
Activation energy, 404 
Activity, 280 

determination, 540 

emf, 544 

and chem. potential, 287 

and eqm. constant, 387 

and fugacity, 259, 281 

and freezing pt., 548 

and free energy change, 287 

and isopiestic method, 556 

and temp. and pressure, 288 

standard, 281 

product (solubility), 495, 497 

vapour pressure, 540 
Activity coefficient 288-293 

and Debye-Hückel theory, 562, 566 

solubility, 547 

and osmotic coefficient 553 
Adiabatic demagnetisation, 518 
Adiabatic process, 16, 65 
Adiabatic transformation, 34 
Adiabatic work, 67, 206 
Adsorption (Gibbs) eqn., 465 
Amalgam cells, 488 
Ammonia synthesis, 381 
Apparent molal quantity, 250 
Aqueous salt soln., 437 


Barometric formula, 537 


Bond energy, 95, 98 
Born-Haber cycle, 73 
Bosc-Einstein statistics, 326 
Brayton cycle, 129 

British thermal unit, 12 
Bulk modulus, 22 


c 


Calorie, 12 
Caratheodory, principle of, 149 
Carnot cycle, 108 
Carnot theorem, 112 
Cells, reversible, 468 

emf, 470-486 
Changes of state, 356 
Chemical constants, 365 
Chemical eqm., 375 
Chemical potential, 244 

and activity, 281 

and free energy, 244 

and phases in eqm., 418 

and pressure-change, 248 

and surface phase, 464 

and temp. change, 247 
Clapeyron eqn., 356 . 
Clarke cell, 471 
Clausius-Clapeyron m jd , 358 
Clausius eqn., 362 d 
Clausius Inequality, no ішім 
Coefficient of А АКЫ 
thermal expansion, 21 } 1 
compressibility, 21, 203 
Colligative properties, 442 
Components (phase rule), : 
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D 


‘Daniell cell, 471 
Debye eqn., 322 
Debye-Hiickel 

theory, 557 

activity coefficient, 562, 566 
Degrees of freedom, 415 
Depression of f. pt., 449 
Diamagnetism, 515 
Diathermal walls, 13 
Diesel cycle, 126 
Dilute solutions, 276, 442 

boiling pt., 447 

freezing pt., 449 

osmotic press., 443 

Raoult's law, 277, 429 

уар. pressure, 442 
‘Dilute soln and mol. wt., 451 
Dilute soln, abnormal behaviour, 453 
Displacement of eqm., 440 
Dissociation constant 

weak acids and bases, 498 
Dissociation energy, 95 
‘Distribution coefficient (Nernst), 279 
‘Donnan’s membrane eqm., 491 
Duhem-Margule's eqn., 275, 430, 433 


E 


| Efficiency, 108 
Carnot cycle, 111 
heat engines, 119-134 
Irreversible cycle, 114 
- Ehrenfest eqn., 369 
Einstein eqn., 321 
Electrical work, 48 
Electrodes 475 
Electrode potentials, 469,475, 484 
ee Potentials (standard), 479, 


Eectrolytes 
Activity and activity coeff., 291 
‘Ochemical potential, 477 
Electrolytic soln. tension, 468. | 
Electromotive force, 468-493 A 


* Phase, 417 


and electrode potentials, 475 

and entropy change, 471 

and free energy, 471 

of galvanic cells, 468 

origin of, 468 

of thermocouples, 526 
Electron affinity, 73 
Electron gas, 334 
Elevation of b. pt, 447 
Energy, 10 

measurement of, 12 

internal, 17, 35, 304 

relations in gases, 204 
Enthalpy, 52 
Enthalpy changes, 57, 62, 205 
Entropy, 138, 140, 153 

and available work, 151 

and chemical constants, 367 

determination, 234 

and disorder, 154 

and enthalpy, 157 

of ideal gases 158-59 

of ions, 508 

and probability, 165 

and reversible cycle, 142 

Standard valus of, 237-38, 369 

and temperature, 157 

and thermodynamic laws, 148 
Entropy at absolute zero, 226, 309 
Entropy from statistica] 

Considerations, 305, 313 
Entropy-changes, 240-360 

in chemical processes, 161 

and eqm, 153 

and free energy change, 182 

and irreversible cycle, 144 

and universe, 143 
Entropy change in mixtures, 160, 325 
Entropy-change relations, 202 
Entropy production, 569 
Equations of state, 20 
Equilibrium, 15 

conditions of, 188 

displacement, 440 

in hetrogeneous syStems, 417-438, 

434, 
membrane, 491 
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and spontanaeity, 188 

surface, 462 
Equilibrium constant, 377 

and activity, 387 

and Debye-Hückel eqn., 565° 

and emf, 473 

and free energy Change, 387 

and heat of reaction, 393 

and partition function, 401 

and temp. and press. change, 391 
Eqm. constant, 

Computation of, 397 
Equipartion of energy, 320 
Eutectic systems, 434 
Excess thermodynamic functions, 198 
Exothermic and Endothermic 

processes, 80 
Extensive quantities, 49 


F 


Fermi-Dirac statistics, 329 
First law of thermodynamics, 31, 149 
First order transitions, 369 
Flame temperature, 93 
Free energy, 178 

and chemical potential, 244 

of gases, 195 

Gibbs, 178, 180 

Helmholtz, 178 

standard, 180, 186 
Freeenergy change, 187, 19 1, 197,229 

and eqm., 387 

on mixing, 195 

and temp., 182 
Freezing pt. deperession, 449 

and activity coeff., 548 

and phase diagram, 435, 437 
Frequency factor, 404 
Fugacity, 259, 262 

and activity, 280 

Calculation, 268 

and composition, 275 

determination, 270 

and eqm., 266 » 

and Henry's law, 277 

and pressure, 267 


and Raoult’s law, 277 
and temperature, 267 


G 


Galvanic cells, 468 
Gases, 
adiabatic changes, 65, 67 
Constant, 21 
energy relations, 53, 55 
entropy, 158 
eqn. of state, 21 
free energy, 181 
fugacity, 262-266 
heat capacity, 57, 69, 207 
Gibbs 
adsorption eqn., 465 
Duhem relations, 245 
free energy, 178, 180 
Helmholtz eqn., 182 


H 


Heat, 10 
Heat capacity, 57 
difference, 209 
of Helium, 371 
and Kirchhoff eqn., 62 
partial molal, 256 
ratio, 59, 69 
relations, 57, 207 
and temp., 62, 94 
of solids, 321 
of water vapour, 464 
Heat-changes in chem. processes, 80 
Heat engines, 118 
Heat pump, 132 
Heat of 
atomisation, 97 
combustion, 87 
dilution and solution, 90 
formation, 84 
neutralisation, 88 
reaction, 80 
Heat Theorem, 224 - 
Helmholtz, 33, 182, 471 
Law, 276 


Ый 
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Homogeneous chem. equilibria, 375 
Heterogeneous equilibria, 356, 413 
Hildebrand Rule, 361 
Hydrogen electrode, 478 
Hydrogen ion concentration, 502 
Hydrolysis of salts, 503 

е 

І 


Ideal gases, 53 
Ideal solutions, 273 
Indicator diagram, 44 < 
Integral heat of soln. and dilution, 90 
Intensive quantities, 49 
Internal combustion engines, 122 
Internal energy, 17, 35 x 
change, 57, 204 
and temp., 62 * 
Inversion temp., 216 
Tons: 
entropies of, 508 
free energy of, 505 
thermodynamics of, 504 
Tonic activity product (water), 501 
Tonic product of water, 501 
Tonic strength, 294 
Irreversible process, 37 
and entropy change, 144 
thermodynamics, 569 
' Isochore, reaction, 392 
Isotated system, 36 
Tsopiestic method, 556 
Isotherm, reaction 387 
Isothermal expansion (gases), 40, 145 


J 


Joule’s equivalent, 12, 32 
Joule-effect, 53 
Joule-Thomson coefficient, 212, 214 


L 


Lavoisier-Laplace’s law, 82 
Lewis, Lewis-Randall 
activity, 280 
ionic strength, 294 
third law, 227 
Law: 
Boltzmann distribution, 298 
conservation of energy, 33 
Duhem-Margules, 430 
First law of thermodynamics, 31, 
149 
Henry’s, 276 
Hess’s, 82 
Lavoisier-Laplace, 82 
Lewis-Randall, 227 
Mass action, 375 
Nernst distribution, 279 
Planck’s distribution, 226, 353 
Raleigh- Jeans, 351 


Raoult’s, 277, 443 
Second law of thermodynamics, 
103, 149 " 
»Stefan-Boltzmann, 344 


Thermochemical, 82 
Third law of thermodynamics, 226, 
309 
Wien's, 345 
Liquefaction, 221 
Liquid junction potential, 489 
Liquid-liquid phases, 279, 426 
Liquid solution (vap. press.), 273, 
281, 433 


M 


Macrostates and Microstates, 166 
Madelung Constant, 74 

Magnetic temperature, 520 
Magneto-caloric effect, 518 
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mean ionic activity, 292 

mean molarity, 292 
Mechanical eqv. of heat, 32 
Melting pt. and pressure, 358 
Membrane potential, 492 
Metabolic process, 537 
Metal electrodes, 475 
Meta-stable phase, 426 
Mixtures 

activity, 281-286 

entropy-change, 160 

free energy change, 195 
Molar partition function, 306 
Mol. wt. determination, 451 


N 


Naphthalene-salol system, 435 
Nernst distribution law, 279 
Nernst eqn., 400, 473 
Nernst Heat theorem, 224 
Nernst Lindemann eqn., 211 
Р Non-ideal gases, 43, 55 
Non-ideal solutions, 282 
Normal electrode potentials, 479," 
484 s ^ 


о 


One component system, 423 

Onsager equations, 573 

Osmotic coefficient, 553 

Osmotic pressure, 443 

Ostwald dilution law, 499 

Otto cycle, 122 Е 

Oxidation potentials, 479, 484 

Oxidation-reduction. electrodes, 476, 
481 


P 


Paramagnetism, 515-520 
Path functions, 20 


and different types of energy, 
310-319 
and thermodynamic quantities, 304 
Peltier effect, 523, 575 
Perfect differentials, 24 
Perpetual motion, first kind, 33 
second kind, 107 
Phase, changes of, 356 
Phases, 414 
Phase diagrams, 422 
Phase rule, 413, 417 
Phenol-water system, 427 
Planck's law, 226, 353: 
Porous plug expt., 213 
Potential 
chemical, 244 
electrode, 469, 475, 484 
liquid-junction, 489 
membrane, 492 
Ox"-red”, 476 
standard electrode, 479, 484 
Pressure-temp. variation 
(binary system), 438 
Processes, 
different types of, 16 
reversible-irreversible, 37 
spontaneous, 104 
Properties of systems, 14-15 
of gases, 53-60, 207 
pH of a solution, 504 


A Q 


Quantum statistics, 325 
Quasistatic process, 17, 38 
Quinhydrone elctrode process, 476. 


R 


Radiations, 341 

Radiation pressure, 341 
Releigh-Jean’s law, 351 
Randall (See Lewis-Randall) 
Rankine cycle, 120 - 
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Reaction isotherm, 387 
Reaction rate constant, 405 
Refrigeration cycle, 131, 133 
Reversible 
cycles, 25, 108, 139 
processes, 37, 40 
Richardson eqn., 534 


S 


"Sackur-Tetrode eqn., 314 
‘Saturated water vapour, heat capacity 
of, 464 
от law of thermodynamics, 103, 
149 
‘Second order transitions, 369 
‘Seebeck effect, 522, 574 
Single electrodes, 475 
potentials, 469, 475 
‘Sodium chloride-water system, 437 
Solids, 
entropy of, 227 
heat capacity of, 321 
Solubility, 496 
‘Solubility product, 495 
‘Solutions, 
heat of, 90 
and m. pt., 437 
eet distribution of radiations, 
"Spontanaeity and eqm., 188 
‘Spontaneous processes, 104 
‘State functions, 19 
‘Statistics, 
B-E, 326 
F-D, 329 
M-B, 296, 302, 331 
quantum, 325 
‘Standard, 
electrode potentials, 484 
entropy, 238 
free energy, 187 
‘Standard states for activity, 281 
for fugacity, 265 
Steady flow of fluids, 71 
Steam engines, 118 — — 
Stefan Boltzmann law, 344 
"Stretching of a wire, 49, 535 


vie 


Sulphur, transition pt. of, 230 
Surface area increase, 48, 458 
Surface energy, 457 

Surface phase eqm., 462 
Surface phenomenon, 457 
Systems, 13 


T 


- Tables, 


bond energy, 97 
electrode potentials, 484 
entropies, 238, 241, 319, 369 
free energy of formation, 187 
of ions, 507 
neat of atomisation, 98 
neat capacity of gases, 62 
neat of combustion, 87 
heat of formation, 86 
of ions, 90 
heat of solution, 91 
Inversion temp., 217 
molal depression constant, 452 
molal elevation constant, 452 
molar entropy-changes, 360-61 
molar entropies of ions, 511 
vapour pressure constans, 369 
TdS eqn., 202 
Temperature, 3 
flame, 93 
inversion, 216 
Kelvin scale, 114 
measurement, 6 
Scale, 6 
Temperature and composition, 445 
Thermionic effect, 528 
Thermochemistry, law of, 82, 
Thermocouples, 526 
Thermodynamics 
first law, 31, 149 
second law, 103, 149 
third law, 226, 239, 304 
zeroth law, 4 
Thermodynamic potential, 178 
Thermodynamic probability, 168 
rmodynamic systems, 13 
Thermoelectric effect;.522 
Third law, : 
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Planck’s, 226 

Lewis-Randall, 227 
Thomson effect, 524, 576 
Transition temperature, 230 
Transition state theory, 405-410 
Trouton’s rule, 360 
T-S diagram, 156 
Two-component systems, 426 


U 


Unattainability of abs., zero, 321 
Uni-univalent electrolyte 
activity Coefficient, 293 
ionic strength, 295 
Univariant system, 419 
Universe, 13 


У 


van der Waals, едп., 21, 43, 55 
van't Hoff, 
factor, 454 
isochore, 392 
isotherm, 387 
Voporisation, 45 
Vapour pressure 
constants, 369 
equation, 365 
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of liquid drops, 461 
lowering of, 442 
and total pressure, 362 
Vapour pressure and composition, 
278, 430 
Vapour pressure and temp., 356 
Voltaic cells, 468 


w 


Water, 
ionic product, 501 
sat. vapour, heat capacity, 464 
system, 423 
Water-gas reaction, 380 
Wien's law, 345 
Work, 10, 40 
adiabatic, 67, 206 
in Carnot cycle, 111 
in cyclic process, 43 
in isothermal process, 40, 206 
maximum, 43 
in reversible process, 40 
Work function, 178-79 


2 


Zeroth law, 4 


